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Abstract 
Computational and Experimental Studies using 
Absorption Spectroscopy and Vibrational Circular Dichroism  
Michael W. Ellzy 
Jack G. Kay Ph.D. 
 
 
 Chapter one provides an introduction to the general area of study and the general 
basis for the research to be performed.  It concludes with a brief mathematical description 
of the computational equations used to calculate and measure vibrational circular 
dichroism (VCD).  
 Chapter two evaluates four chemically related compounds and provides detailed 
analyses of the vibrational spectra obtained by performing a combination of experimental 
and theoretical chemical techniques.  For 1,4-dithiane the ground state was found to 
possess C2h symmetry.  A high energy form of 1,4-dithiane possessing D2 was also 
discovered.  At the ground state, 1,4-thioxane was found to posses C2 symmetry.  Two 
high energy forms of 1,4-thioxane possessing C1 and C2 symmetries were found using 
quantum chemical techniques.  For di-vinyl sulfoxide, the ground state was found to 
posses CS symmetry.  Three high energy forms of di-vinyl sulfoxide were found 
possessing CS, C’1 and C’S symmetries using quantum chemical techniques.  The theory 
predicts di-vinyl sulfone to posses C2 symmetry in the ground state.  This compound was 
found to possess two high energy forms with CS and C1 symmetries using quantum 
chemical techniques.  
 For all compounds, a detailed thermodynamic analysis was performed. 
Enthalpies, entropies and free energy were derived and compared.  It is concluded, both 
xviii 
MP2 and DFT/B3LYP yield a good description of the vibrational modes and 
thermodynamics for the compounds researched. 
 For chapter three, a detailed analysis of α-d-alanine, α-l-alanine, β-l-mannose and 
α-l-mannose were performed using a combination of experimental and theoretical 
techniques.  Assignments for alanine were compared to the purely theoretical study 
performed by Tajkhorshid and coworkers.  It was determined that alanine as a zwitterion 
hydrogen bounded to four water molecules is the lowest energy conformer.  In water (pH 
6.5) amide I bands are not observed. Potassium bromide presses (KBr-pellets) for α-d-
alanine, α-l-alanine and α-l-mannose compared favorably with literature.  Computational 
VCD spectra differed with theoretical results suggesting a need for the proper damping 
function to treat the results thus improving agreement between computational and 
experimental data.  It is concluded, DFT/B3LYP yields a good description of the VCD 
for α-d-alanine, α-l-alanine, β-l-mannose and α-l-mannose. 
 Chapter four presents, the first time, VCD for several compounds.  Five of the 
compounds have never before been synthesized.  These compounds were measured to 
determine environmental effects at and around the chiral (stereo) center.  It was 
determined for the first time that the electron influence on the chiral center can be 
recorded in the VCD.  Results warranted the measurement of 25+ additional compounds 
in an effort to better understand observations from the initial measurements. 
 Experimental data supports the general conclusion “electron-donating groups 
intensify the VCD signal by forcing conjugation or electron cloud contribution towards 
the chiral center.”  Electron withdrawing groups weaken the overall VCD spectral 
xix 
intensity because of the tendency to relieve conjugation and or electron cloud influence 
towards the chiral center.  Certain functional groups, for example halogen substituents, 
withdraw electrons away from the chiral center.  The experimental results show that the 
chiral center can be probed and predictions of the effect tested using VCD.  The next 
logical step is to perform similar experiments on nitrogen systems.  The amine linkage 
(NH2) needs to be evaluated because it opens the path to the biological systems in the 
form of related natural and man-made amino acids building blocks.  It was found that 
electron withdrawing and donation groups play an important role in the band intensity of 
monosignate band transition in the carbonyl region.   
 Finally, chapter five provides a general discussion on where to proceed with this 
research and provides other systems to consider, which are comparable to carbonyl 
systems.  It is concluded, VCD can be applied to determine fundamental spectra 
characteristics.  Systems considered for continued research are nitrogen oxides, 
phosphorus oxides, and sulfur oxides.  
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Chapter 1.  Research Introduction 
 
1.1.  Introduction 
 
Vibrational spectroscopy is a well-established analytical measurement technique 
for the identification, elucidation and evaluation of molecular vibrations.  Quantum 
chemistry has progressed sufficiently to allow theoretical solutions to be achieved, which 
are equivalent to the experimental measurements.  This approach is used in this 
dissertation to demonstrate usefulness of the capability and evaluate the accuracy of the 
technique in comparison to the experimental measurement.  Literature provides examples 
where infrared vibrational spectroscopy is used to study compounds in the gas, liquid and 
solid phase [1-10].  Studies have also been performed on chemicals in various complex 
environments and chemical reaction matrices [11-13]. 
 Recently, the advent of computational chemistry has lead to the development of 
computer programs, which provide frequency information comparable to experimental 
measurements.  Development of such programs [14-18] allows the researcher to predict 
the compound’s infrared, Raman and nuclear magnetic resonance spectra, which have yet 
to be synthesized and/or measured.  More importantly, vibrational optical activity (VOA) 
is an area of natural activity, which consists of spectral regions associated with transitions 
in chiral molecules.  VOA has two distinct classifications; the first technique is an 
extension of electronic circular dichroism (ECD) in the infrared region where 
fundamental photon transitions are observed.  This type of VOA is termed vibrational 
circular dichroism (VCD).  The vibrational circular dichroism technique provides 
enhanced stereo-chemical sensitivity allowing all portions of the molecule to be 
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interrogated.  It was first measured as a molecular property in 1974 [19] and confirmed in 
1975 [20].  The second class of VOA has no direct classical connection to optical 
activity.  This connection to OA is termed Raman optical activity (ROA).  The first 
measurement was made in 1973 [21] and independently confirmed in 1975 [22].    
 Optical rotary dispersion (ORD) and ECD have provided useful stereo-chemical 
information regarding the structure of chiral molecules and biological materials [23].  In 
comparison, the VCD technique provides molecular structural information unavailable by 
other techniques (vibrational spectroscopy, CD, ultra violet circular dichroism [UVCD] 
and fluorescence detection circular dichroism [FDCD]) alone.  For the VCD technique, 
intensities arise from a set of 3n-6 (where n = number of atoms) normal vibrational 
modes in a molecule.  The modes provide a set of transitions, which are well resolved and 
arise from the generation of non-orthogonal electronic and magnetic dipole moments 
during vibrational excitation [24].  These transitions can be described in terms of nuclear 
displacement and correlated motion of the molecule’s electronic charge density.  
Literature presents this as a deficiency for both Raman and infrared spectroscopy.  T. B. 
Freedman et al. [23] states this deficiency as follows: 
 
“…for ordinary infrared adsorption and Raman scattering, these 
measurements lack the stereo-sensitivity to absolute configuration and 
conformational state found in VCD…” This enhanced sensitivity can be 
seen most easily by noting that enantiomers have mirror image VOA 
spectra, but identical ordinary vibrational spectra. Thus, VCD … 
intensities arise completely from the absolute, three-dimensional 
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orientation of groups in space without any bulk, non-stereo sensitive 
component. 
 The information content of VCD spectra is both structural and 
dynamic. The structural dependence arises from exact equilibrium 
conformation of the molecule in both a nuclear and electronic sense.”  
 
 Computationally, provided with algorithms that describe the vibrational force 
field and a quantum mechanical description of electric contribution to the vibrational 
intensities, the 3n-6 VCD intensities, in general, could be labeled and a complete set of 
stereo specific internal coordinates produced.  This is an over simplification because 
there are other interactions (crystalline morphology and solvent effect) which must be 
incorporated.  Currently, state-of the-art has progressed to a point where the researcher 
can generate theoretical spectra consistent with its experimental counterpart for infrared, 
Raman and VCD spectroscopy.  The goal is to use VCD to extract stereo-chemical 
information of analytes in various phases:  neat liquids, solids, gases, matrices and 
glasses.  There are numerous reviews on this subject [24-32], which primarily focus on 
solids, liquids and biological compounds (complex matrices).  
 Traditionally, scientists have solved problems through hypothesis followed by 
trial and elimination.  Following the principles of the scientific method, this approach has 
and continues to be lengthy and successful.  The limitation with this approach is that the 
time and resources required to complete the process is generally unknown.  Reduction in 
time and resources is achievable with the use of statistical techniques to accelerate and 
eliminate specific experiments and processes.   
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The advent of computational chemistry has made improvements in the scientific 
investigation by reducing both time and resources required to obtain solutions for these 
ORD related problems.  Throughout the research presented in chapter two, comparisons 
are made between theoretical and experimental spectroscopy to verify accuracy of the 
computations derived from theory against results based on literature, infrared and Raman 
experimentation.  This research effort utilizes theory, computational chemistry and 
experimental measurements to correlate structural conformation information for a variety 
of chemical compounds.  The molecular conformers are assigned and infrared 
frequencies for their motion predicted and/or measured during the molecular analysis.  In 
chapter three, computational programs are utilized to evaluate how well such programs 
compute the more difficult to measure phenomena of vibrational circular dichroism 
spectroscopy.  The computed VCD spectra generated are compared against experimental 
measurements of compounds in the liquid or solid phase.  Literature data is used on 
occasion to support the findings for specific analytes.   
In chapter four, research is devoted to VCD experiments designed to probe the 
response at the chiral center resulting from substitutions on a designated branch of the 
molecule.  The series of substitutions involves electron donating and withdrawing groups 
through a carboxyl, phenyl and/or olefin conjugation linkage.  In this chapter various 
substitutions are performed to demonstrate the effect at and around the chiral center by 
the electronic influence.  In chapter five the future areas of investigation with this 
research effort are defined. 
 Fundamentally, VCD is a component of optical rotary dispersion (ORD).  The 
ORD studies in the visible and UV region of dialkyl, aryl and alkyl sulfoxides has been 
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reported [33a-c].  The exposure of organic molecules to UV light causes electronic 
transitions.  Using the Beer-Lambert law, the mathematical explanation of VCD can be 
expressed.  The amount of light absorbed (A) can be calculated with the aid of the 
relationship A = -log10 (IO/I) = εcl, where IO is the intensity of incident light and I is the 
intensity of the transmitted light.  This equation also states that A is proportional to the 
product of c (concentration in moles per liter) and l (length of path through sample in 
centimeters).  The term ε is the molar absorption coefficient.  For the chiral medium AL 
and AR represent left and right components of circularly polarized light.  Again using the 
Beer-Lambert law, we have:  
   AL = -Log10 IO/IL  Equation 1 
   AR = -Log10 IO/IR  Equation 2 
On entering the sample AL = AR but on exiting the chiral medium AL ≠ AR and 
  ΔA = AL - AR   = -Log10 IR/IL  Equation 3 
        = Δεcl          Equation 4 
  Δε = ΔA / cl    Equation 5 
Now when linearly polarized light passes through a chiral medium, it is split up into left 
and right (L and R) components due to differential absorptions thus, causing a difference 
between the absorption of left and right polarized infrared beams.  This basic discussion 
of VCD and its relationship to circular dichroism (CD) is discussed further in chapter 
four.  At this time it is appropriate to briefly discuss the more interesting and complex 
theoretical and mathematical aspects of vibrational circular dichroism computations.  
There are several reviews on the calculations associated with VCD [33d].  Provided is a 
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brief review on theory and assumptions made to calculate and measure VCD. The more 
superficial description is provided in chapter four. 
 VCD is CD of vibrational transitions, which offers an alternate information source 
about chiral molecules [34].  VCD involving only the ground electronic state of 
electronic dipole transition moments of vibrational transitions is straight forward; the 
calculation of magnetic dipole transitions is complex.  Since VCD involves both 
electronic and magnetic dipole transition moments, its calculation has been finessed 
during the early years. [35-38] 
 One solution to calculating both the electronic and magnetic dipole transition 
moments is the inclusion of corrections to the Born-Oppenheimer (BO) approximation 
[34]. 
 Beginning with equations which express the Born-Oppenheimer approximations 
to the exact Schrodinger equation for both the electronic and nuclear motion of a system 
namely;  
el
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 and denote electronic and nuclear corrdinates.  H is the electronic Hamiltonian,
  is the nuclear kinitic energy, ψ  is the electronic wave function of electronic state
K,   is the vibratiKk
n
X
r R
T
el
thonal wave function of the k  level associated with electronic
state K.
An assumption is: H  where V and  are Coulombic potential energy of 
the electrons and nuclei and the electronic kinetic ener
eV T= +
gy. 
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After completion of the derivation and inclusion of the correction to the BO, 
approximation, which arise from inclusion of the terms arising from non-commuting of 
nT and elH  is written as [34]; 
 
cor
' 'K'k'
' '
ψ ψ ψ K k KkKk Kk
K k
a= + ∑  (5) 
 
It summarizes that VCD can be calculated using  
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The reader is referred to the derivation presented in Stephen’s work for the required 
correction terms supporting the calculation [34].   
More recently, an overview of vibrational optical activity theory presents an 
extensive coverage of the treatment of VCD [33].  Presented are tensor definitions; dipole 
and rotational strength, atomic polar tensor and atomic axial  tensor which are used to 
handle electronic and magnetic dipole moments, electronic dipole transition moments and 
the non-degenerate  electronic ground state case for the magnetic dipole moment.  
Generally, three main approaches are used for describing VCD.  They are vibronic 
coupling theory (VCT) [39] magnetic field perturbation (MFP) [40] and nuclear velocity 
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perturbation (NVP) [41].  All can be derived from perturbation theory.  The atomic polar 
and axial tensor received electronic contribution expressed as second order properties 
from simultaneous perturbation by a field and nuclear position or momentum.  These 
tensor contributions, expressed as electronic energy derivatives of the molecule, are: 
,
0
2
A
r
el
A
EE
E R
αβ = −
β α
⎛ ⎞∂⎜ ⎟∂ ∂⎝ ⎠
  (7)          
Equation (7) is the standard expression for Gaussian 98 and CADPAD quantum 
chemistry programs to calculate infrared intensities with electronic field and nuclear 
displacement derivatives, utilizing coupled perturbed hartree fock methods [33]. 
0
2
A el
A
EI
H R
αβ = −
β α
⎛ ⎞∂⎜ ⎟⎜ ⎟∂ ∂⎝ ⎠
                  (8)  
  The computational program, Gaussian 98 through the most resent revision, 
Gaussian 03 applied in this research, uses equation (7, 8) cited above to calculate infrared 
intensities with electronic field and nuclear displacement expressions.  This is 
accomplished by utilizing coupled perturbed Hartree-Fock (CPHF) methods [15, 43, and 
44]. 
  The two main a priori methods for calculating VCD intensity are the vibronic 
coupling theory (VCT) here the electronic contribution to the AAT,
AI αβ  is expressed as; 
}2 1
0
A ge
j egg g Re g j j A
e
mc
hI r Er Rγβγδ≠ δ αε
−
αβ =
⎧ ∂∂− ⎪= ⎨ ∂ ∂⎪⎩
ψψψ ψ∑ ∑  
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which corresponds to the sum over excited electronic states.  Where Eeg is the energy 
difference (Ee – Eg) between the ground and excited electronic states. 
gψ and eψ  are 
ground and excited state Boron-Oppenheimer adiabatic wavefunctions.  
 For the second a priori method, magnetic field perturbation (MFP) formulation for 
VCD intensity AI αβ  is expressed in terms of the overlap of derivatives of the electronic 
wave function and the external magnetic field H β and the nuclear position AR α  . 
 0, 0 0, 02 ( ) 2 ( )
A g g g g
H R H R
A A
ih ihI R H R Hα β α β= = = =αβ
∂ ∂ ∂ ∂
= = − →∂ ∂ ∂ ∂
ψ ψ ψ ψ% % % %
 
In the derivation of magnetic field perturbation expression [34] the definition of the 
atomic axial tensor differs by a factor / 2i ћ. For an extensive discussion of these 
expressions relative to computational chemistry programs, refer to cited literature [42].   
Helpful for review of this research is the description of the in- and out-of-phase 
vibrations of two identical chirally oriented oscillators which give rise to a VCD couplet.  
The following expression defines that effect: 
  lm( ( x )
2
m) ab a bR c r
πνμ μ μ±± = = ±     
Also observed is nuclear vibrational momenta which can initiate electron flow in 
molecular rings closed by covalent or hydrogen bonds.  The current mechanism gives rise 
to biased VCD or monosignate VCD spectra [45]. 
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 This dissertation begins with the measurement and calculation of infrared 
vibrational transitions. After chapter two, the dissertation focuses on various aspects of 
VCD which the cited equations are applicable (chapters 3 and 4). 
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Chapter 2.  Vibrational Frequencies and Structural Determination of Organo-
Sulfur Compounds 
 
2.1.  Introduction 
 
 Computational chemistry has made significant progress towards providing 
empirical data, which is comparable and in specific cases equivalent to experimental data. 
Theoretical results from computational chemistry have also been shown to be both 
reproducible and accurate to within five wavenumbers of the experimental measurement 
[1].  Utilizing the information from experimental vibrational spectroscopy and 
computational chemistry, evaluation of several organic compounds is undertaken to 
determine the molecule’s conformer from the55 infrared vibrational frequencies, the 
molecule’s minimum energy and molecular motion associated with the structural band 
assignments.  The computational programs Gaussian 94 or 98 and Svib were used to 
complete the research [2- 4].  Determination of infrared spectra and structural 
conformations was accomplished using theoretical application of ab initio (Latin 
meaning, “from-the-beginning’) computation. 
 For this research, compounds of particular interest were selected due to the 
congressional mandate to rid the United States of its chemical warfare agent stockpile.  
Components, which are found when bis-2-chloroethyl sulfide (mustard gas or HD) is 
environmentally hydrolyzed or thermally treated (incineration), were the focus.  Four of 
the major chemical compounds present from the production or destruction of distilled 
mustard (HD) are, 1,4-dithiane; 1,4-thioxane; di-vinyl sulfone and di-vinyl sulfoxide.  
These components are important to the material balance mandated by the Chemical 
Weapons Convention and from the chemical treaty verification perspective.  This work 
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describes detailed structure analysis for the compounds using experimental measurements 
and computational chemistry along with literature references to fill data gaps.  
 
2.2.  Experimental  
 
 Several techniques were used in the generation of 1,4-dithiane, 1,4-thioxane, di-
vinyl sulfone and di-vinyl sulfoxide infrared spectra.  First, all liquid compounds were 
analyzed by Fourier transform infrared (FTIR) spectroscopy as neat material between 
either sodium chloride (NaCl) or potassium bromide (KBr) windows using a pathlength 
of either 0.10 or 0.050 mm. Solid compounds were analyzed using KBr pressed pellets.  
Next, the individual analytes were diluted in a solvent to a concentration in the range of 
0.6 to 0.10 mg/mL and analyzed by gas chromatography then FTIR (GC/FTIR) to 
produce a gas phase spectrum.  Finally, due to the greater sensitivity achievable with the 
final technique, the chemical solution in each case was further diluted to a concentration 
range of 0.06 to 0.010 mg/mL then analyzed using a GC-matrix isolation-FTIR 
(GC/MI/FTIR) spectroscopic system.  Matrix isolation combines the analytes with argon 
gas and freezes the mixture onto a gold disk where it is analyzed [5-12].  Infrared spectra 
for each technique are provided (Figures 2-1 to 2-12).  The infrared peak positions 
defined in wavenumbers from experimental results are summarized in Tables 2-1 to 2-4.  
These spectra, along with previously published studies [13- 46], were the basis for a 
detailed analysis, which included theoretical treatment of the vibrational spectra of each 
compound.  The accuracy of the predicted data from their theoretical treatment is 
compared.  The evaluation also used experimental Raman data for assessing di-vinyl 
sulfoxide (Figure 2-13). 
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Figure 2-1.  KBr Pellet FTIR spectrum of 1,4-dithiane. 
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Figure 2-2. 1,4 thioxane neat liquiud measure between KBr windows using a 1mm 
pathlength. 
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Figure 2-3.  FTIR spectrum of di-vinyl sulfone, neat liquid, measure betweem KBr 
windows using a 1mm pathlength. 
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Figure 2-4.  FTIR spectrum of neat liquid di-vinyl sulfoxide measured between KBr 
windows using a 1mm pathlength.. 
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Figure 2-5.  FTIR vapor phase spectrum of 1,4 dithiane using gas chromatography 
separation of a 250ug/mL solution. 
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Figure 2-6. 1,4 thioxane gas phase (GC/FTIR) spectrum obtained from  
a 250ug/mL solution. 
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Figure 2-7. Vapor phase spectrum of di-vinyl sulfone (0.4mg/mL solution in acetone 
separation using GC-FTIR) 
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Figure 2-8. Di-vinyl sulfoxide vapor phase infrared spectrum using gas 
chromatography of a 50ug/mL solution. 
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Figure 2-9.  Argon matrix isolated FTIR spectrum of 1,4-dithiane measured from a 
gas chromatograph separated 25ug/mL solution. 
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Figure 2-10.  Argon matrix isolation spectrum of 1,4-thioxane obtained from a 
25ug/ml solution in acetone separation using GC\MI\FTIR. 
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Figure 2-11.  Argon matrix isolation spectrum of di-vinyl sulfone obtained from a 
25ug/ml solution in acetone separation using GC\MI\FTIR. 
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Figure 2-12.  Argon matrix isolated FTIR spectrum of di-vinyl sulfoxide from the 
gas chromatography separation of a 25 ug/mL solution. 
 
 
 
4000   3000 2500  2000 1750 1500 1250 100  750
Wavenumber (cm-1) 
0.4 
0.3 
0.2
0.1 
0.0 
30 
 
Figure 2-13.  Raman spectrum of di-vinyl sulfoxide measured through glass using 
fiber optic probe. 
 
Table 2-1.  Experimental infrared vibrational frequencies for 1,4-dithiane. 
 
KBr Pellet 
 
GC / FTIR Vapor 
Phase 
 
GC / Matrix Isolation / 
FTIR 
471   
664 668  
893  895 
904 902 905 
942  949 
999  995 
  1002 
  1111 
  1152 
1152 1154  
1163   
  1252 
1273   
1280 1287 1279 
1299  1306 
1409 1415 1414 
2800 2818 2811 
2904 2918 2911 
  2913 
  2951 
2945 2954 2954 
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Table 2-2.  Experimental infrared vibrational frequencies for 1,4-thioxane.  
 
Liquid Phase FTIR 
 
GC / FTIR Vapor Phase 
 
GC / Matrix Isolation / FTIR
 
556.0   
 674.5  
  694.2 
  787.8 
  807.0 
825.0 825.1 827.9 
  953.1 
966.2 966.8 969.7 
  987.1 
1005.0 1006.4 1006.8 
 1044.3 1049.0 
1102.9 1104.1 1107.4 
1167.5 1177.8 1169.9 
 1201.5 1204.3 
  1216.3 
 1278.2 1269.6 
1283.4 1290.8  
  1319.5 
   
 1384.2 1386.2 
1416.8   
 1429.3 1419.6 
  1446.4 
 1458.1 1456.4 
  1608.0 
  1620.5 
  1634.1 
 1990.7 1932.6 
  2698.0 
 2709.8 2717.3 
 2756.2 2756.2 
  2815.0 
  2834.0 
2851.8 2862.5 2860.7 
  2896.0 
 2923.2 2922.4 
 2948.0  
  2954.6 
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 Table 2-3.   Experimental infrared vibrational frequencies for di-vinyl sulfone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Liquid Phase FTIR 
 
GC / FTIR Vapor Phase 
 
GC / Matrix Isolation / FTIR
 
 674.5  
716.1  719.1 
  729.4 
 771.4 770.3 
778.5  778.9 
  800.1 
825.0   
977.6 971.7 975.8 
  1040.6 
1131.2   
 1147.6 1145.5 
1312.7   
  1334.7 
1346.5  1344.8 
 1351.1  
1385.5  1383.5 
1606.2   
3059.5   
3100.9   
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Table 2-4.   Experimental infrared vibrational frequencies for di-vinyl sulfoxide. 
 
 
Liquid Phase FTIR 
 
GC / FTIR Vapor 
Phase 
 
GC / Matrix Isolation / 
FTIR 
Raman 
   220 
   261 
   311 
   381 
   483 
   632 
 685 684  
  690 693 
693    
  696  
  713 712 
  933  
  953  
959 959 961  
  978  
  994 993 
1017 1011 1015  
1062   1052 
  1086  
 1097 1094  
  1120  
 1235 1231  
  1240 1251 
1298    
1327    
1370 1374  1371 
  1385  
1595 1598 1599  
  1607 1603 
1897 1891   
2950    
3008   3009 
 3017 3018  
3037  3041 3042 
  3048  
3091 3094  3095 
3466    
3518    
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2.3.  Instrumentation 
 
Infrared measurements of 1,4-dithiane, 1,4-thioxane, di-vinyl sulfone and di-vinyl 
sulfoxide were purchased from Aldrich chemical company and data collected for the neat 
material without further purification.  The 1,4-dithiane solid was analyzed by FTIR as a 
solid pressed into a potassium bromide (KBr) window (Figure 2-1).  A weight of 10 mg 
was mixed with 200 mg of KBr.  Into a die sample holder, 100 mg of the dithiane / KBr 
mixture was transferred.  Following die reassembly, the sample and holder were placed 
into a hydraulic press under 20,000 pounds per square inch (psi) to produce a transparent 
sample disk of 11 mm in diameter.  Perkin-Elmer 1750 FTIR equipped with a cesium 
iodide beamsplitter and a triglycin sulphate (TGS) detector was used for the analysis of 
the window.  Scan range was 4000- 400 wavenumbers (cm-1), and the infrared spectrum 
was collected.  The background (32 scan) was ratioed against the sample (64 scan) with a 
measurement resolution of 4cm-1.  Infrared accuracy was verified with a National 
Institute of Standards and Technology (NIST) polystyrene reference sample and its 
wavelength compared to literature values.  Perkin-Elmer Spectrum software was used for 
data processing and peak labeling.  The baseline of the 1-4 dithiane spectra has been 
automatically baseline corrected.  The 1,4-thioxane liquid was analyzed by FTIR as neat 
material between NaCl windows using a 0.050 mm Mylar spacer that served as the 
resulting cells pathlength (Figure 2-2).  The Perkin-Elmer 1750 FTIR equipped with a 
sodium chloride beamsplitter and a TGS detector was used for the analysis.  Scan range 
was 4000 to 400 wavenumbers (cm-1), and 2 sets of scans were collected, 16 scans for the 
background ratio against 32 scans for the sample with a resolution of  4 cm-1.  Perkin-
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Elmer Spectrum software was used for data processing and peak labeling.  The baseline 
of the 1,4-thioxane spectra was automatically baseline corrected.  Di-vinyl sulfone liquid 
was analyzed by FTIR as neat material between NaCl windows equipped with a 0.050 
mm Mylar spacer as a pathlength (Figure 2-3).  Similar approach was performed for 
analysis of 1,4-thioxane.  Di-vinyl sulfoxide liquid was analyzed by FTIR as neat 
material between NaCl windows using a 0.05-millimeter Mylar spacer as a pathlength 
(Figure 2-4).  A Nicolet 800 FTIR equipped with a potassium bromide beam splitter and 
a TGS detector was used to analyze the prepared samples.  For analysis, the instrument 
scan range was 4000 to 580 wavenumber (cm-1) and 2 sets of data were collected, 16 
scans for the background are ratio against 32 scans for the sample.  The scans were 
collected using 4 cm-1 resolution.  For the di-vinyl sulfone and di-vinyl sulfoxide Nicolet 
SX data was transferred to Nicolet’s, Omnic software for data reduction and baseline 
correction.  
 FTIR spectra for all the compounds collected in the vapor phase were generated 
using injection into a heated flash vaporization injection port containing a glass liner 
followed by gas chromatography column separation with FTIR detection hence GC-FTIR  
(Figures 2-5 to 2-8).  For vapor phase determination, 1,4-dithiane was used as a 
0.25mg/mL hexane solution.  1,4-thioxane was employed as a 0.4mg/mL solution in 
hexane.  The di-vinyl sulfone was diluted in acetone to a concentration of 0.4 mg/mL and 
di-vinyl sulfoxide was diluted in acetone to a concentration of 0.25 mg/mL.   Analyses of 
the solutions were accomplished with a Nicolet model 800, FTIR spectrometer interfaced 
to the Nicolet model SX light pipe.  The light pipe measured 16 cm in length and 10 mm 
in diameter.  The interior of the light pipe was gold coated and the entire assembly was 
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maintained at a temperature of 200°C during the analysis processes.  Detection of the 
analytes was accomplished with the mercury cadmium telluride (MCT-A) liquid nitrogen 
cooled detector operating over the wavelength range of 4000 to 600 cm-1.  Extending to 
and from the light pipe, transfer lines are used for transporting the vapor (Diagram 1).  
The transfer line was heated and a temperature of  300°C was maintained for 1,4-
dithiane.  For all other compounds, the light pipe was maintained at 200°C.  The Hewlett 
Packard (HP) model 5880 gas chromatograph (GC) was used to assist in vapor 
production and separation of most compounds measured from the solvent (hexane or 
acetone).  For the analysis of di-vinyl sulfoxide, a Perkin-Elmer (P-E) model Autosystem  
 
 
 
 
 
Diagram 1.  Pictorial view of infrared light-pipe system using gas chromatography. 
(Courtesy of the Thermo-Nicolect Corporation) 
 
Transfer lines 
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 GC replaced that HP-GC.  Chromatography was accomplished with a column of size 30 
m x 0.25mm i.d. in the HP-GC and a 30 m x 0.53mm i.d. 1um film P-E GC.  The 5% 
phenyl methyl siloxane (RTx-5) column obtained from Restek Corporation was used for 
all separation.  Chromatography of the analyte from the solvent was accomplished using 
temperature programming with the following GC parameters: 60°C (3m), 10°C/min; to 
200°C (5m).  Materials exiting the light pipe were transported to a flame ionization 
detector for combustion and secondary measurement. 
 Matrix (argon) assisted infrared spectra were collected using the Mattson Cryolect 
model 4800, GC/MI/FTIR (Diagram 2).  The matrix FTIR spectra of the compounds 
were measured from the solution previously identified by diluting the individual solution 
by a factor of ten prior to analysis.  Separation of the analyte from the solvent was 
accomplished using the 30m x 0.25mm i.d. x 0.25um film RTx-5 column from the Restek 
Corporation.  Chromatographic conditions were 50°C (3m) to 265°C (5m) at a rate of 
10°C/min.  The matrix gas was 5% argon, helium balanced and the chromatographed  
analyte was mixed with the matrix gas then deposited on a gold-coated cryogenic disk 
cooled to 10K with a model DE202 Displex Cryostat helium refrigerator from Advanced 
Research System (Allentown, PA).  FTIR detection was used to survey the mixture of 
argon/analyte, which resulted in matrix assisted FTIR spectra (Figures 2-9 to 2-12).  
Detection was accomplished with an MCT-A with a range of 4000 to 600 cm-1. Spectra 
were collected at a resolution of 8 cm-1. 
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Diagram 2. Schematic of the matrix isolation FTIR interface.                           
(Courtesy of Reedy Scientific, Madison WI) 
 
Finally, Raman measurement was made of di-vinyl sulfoxide (Figure 2-13). The Raman 
instrument consists of an EIC Laboratories, Inc. Echelle spectrograph Model NIR700, 
SDL 785 nm diode laser and Photometrics Ltd Model CH250 CCD detector. The 
resolution capability of the Echelle spectrograph is approximately 2 wavenumbers with 
an EIC RamanProbe™ connected to a fiber optic cable, then coupled to the Raman 
Gold coated  Drum 
Capillary Column 
Infrared Analysis 
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system sample compartment (EIC Universal Sample Holder Model USH1000).  The 
Raman spectrum was measured of the pure chemical in a glass vial using a 20 s 
integration time and approximately 100 mW of laser power. 
 
2.4.  Chemicals 
 
 1,4-dithiane, 1,4-thioxane, and di-vinyl sulfone were purchased from Aldrich 
Chemical Company  (Milwaukee, WI) verified to be the correct material by GC/MS, of 
reasonable purity by GC/thermo conductivity detector (TCD), then used as received.  
Hestia Laboratory, Inc. (New Berlin, WI) synthesized di-vinyl sulfoxide that was used 
without further purification. Chromatographic analysis with both thermal conductivity 
and flame ionization detection showed the material to be 98 + 1% pure by peak area.  The 
solvents used for standards preparation were acetone, pesticide grade, purchased from 
J.T. Baker (Phillipsburg, NJ) or hexane, GC/MS grade, purchased from Burdick and 
Jackson (Muskegon, MI).  Injection of the analyte into the analytical system was 
performed using a Hamilton syringe (10uL) model 702 (Energy Way, Reno, NV). 
 
2.5.  Computational Methods 
 
 
2.5.1. Optimized geometries of C2h and D2 forms for 1,4-dithiane  
Optimized geometries for a 1,4-dithiane molecule in the C2h and D2 symmetries were 
considered at the Moller-Plesset 2nd order perturbation theory (MP2) and density 
functional field theory / Becke 3 Lee Young Parr (DFT/B3LYP) levels of theory using 
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the 6-31G* standard basis set.  The optimized geometries that were found are reported in 
Table 2-5 and shown in Figures 2-14 and 2-15. 
 
        Table 2-5.  Selected parameters corresponding to the optimized geometry of the 
C2h form of 1,4-dithiane.  
 
Parameter a MP2 B3LYP Electron Diffractionb of 
C4H8S2 (g) 
X-ray Diffractionc of 
C4H8S2 (g) 
S-C 181 181 181 181d 
C-C 152 152 154 149 
C-H 109 109   
S-S nonbonded 350 353  345 
C-S-C 99.0 99.0 100 99.0 
S-C-C 113.5 113.5 111 112.7 e 
S-C-H 107.6 f 105.2 g 105  
H-C-H 108.0 108.0   
S-C-C-S 67.9 67.9   
 
a. Bond distance in pm and bond angles in degrees. 
b. O.Hassel, H. Viervoll, Acta Chem. Scand.1 149 (1949), 162-163  
c. H.J. Dottie, Acta Cryst. 6 (1953) 804 
d. For the crystalline solid the average of the two S-C distances (180.1 and 182.1pm) 
found in the chair form which is distorted C2h symmetry. 
e. For the crystalline solid the average of the two S-C-C (112.8 and 112.6º) found in the 
chair form which is distorted C2h symmetry.   
f. The average of the different two bond angles (112.8 and 112.6º) found. 
g. The average of the two different bond angles (105.6 and 104.7º) found. 
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Figure 2-14.  C2h form of 1,4-dithiane. 
 
 
 
Figure 2-15.  D2 form of 1,4-dithiane. 
    
 The C2h form, similar to the chair form of cyclohexane is found to be more stable 
than the D2 form by 4.792kcal mol-1 at the MP2 level and 4.605kcal mol-1 at the 
DFT/B3LYP level. The observation that the C2h form is the more stable form is 
consistent with the gas-phase electron diffraction study of Hassel and Viervoll [24], the 
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x-ray diffraction studies of crystalline 1,4-dithiane of Dothie [50] and March [51], and 
the dipole moment measurements of Calderbank and Le Fèver [52].  The optimized 
geometries that were found at the two levels of theory are in very good agreement with 
the experimental data of Hassell and Viervoll [24] and Marsh [52].  Some other points are 
worthy of note.  The rather large C-C-S bond angle and the rather small C-S-C bond 
angle are interesting.  This is probably due to steric effects.  Neither form of 1,4-dithiane 
has a dipole moment due to the high symmetry of  both species.  It is interesting to note 
that the D2 form of 1,4-dithiane is chiral and has right and left-handed forms due to the 
twist that occurs along the C2 axis, which results in no Sn axis being possible.  All 
computations were performed using Gaussian 94 Program Package [2] on the SGI Power 
Challenge Array at the Army Research Laboratory. 
 
2.5.2.  Vibrational analysis of 1,4-dithiane 
 The vibrational frequencies of 1,4-dithiane were calculated at the levels of theory, 
which were used in the determination of the optimized geometries.  For the low-energy 
C2h form each of the vibrational modes was assigned to one of nine types of motion (C-C-
S) bend, C-S-C bend, C-C stretch, C-S stretch, CH2 twist, CH2 wag, CH2 scissor, CH2 
rock and C-H stretch) by means of visual inspection using AVS Chemistry Viewer set of 
programs [54] as well as Svib program [55], which was used to generate the normal 
coordinate displayed in Figure 2-16, based on calculations at the DFT/B3LYP level of 
theory. 
  The frequencies shown are scaled DFT/B3LYP values provided in Table 2-8. 
The high degree of symmetry of the molecule was also very helpful in making vibrational 
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assignments (Figures 2-14 and 2-15).  We were able to determine the symmetries of the 
vibrational modes by using the standard procedures [56] of decomposing the traces of 
symmetries operations into the irreproducible representations of the C2h point group.  We 
present our symmetry analysis for the vibrational motion of 1,4-dithiane in some detail in 
order to better describe the basis for our assignments:  
• For the C-H stretching modes, we used the eight C-H bonds as the basis of our 
analysis.  All operators except E have a trace of zero.  Thus the eight C-H 
stretching modes posses the symmetries 2-Ag, 2-Bg, 2-Au and 2Bu:  
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Figure 2-16.  Displacement vectors corresponding to the 36 normal modes of 
vibration for 1,4-dithiane.  
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Figure 2-16a.  Continued from Figure 2-16 
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• For C-H2 scissors modes, we used the H-C-H angles as the basis of our analysis. 
All operators except E have a trace of zero.  Thus these four modes possess the 
symmetries Ag, Bu, Au and Bg ; 
• For the C-C-H bending modes, we used the eight C-C-H angles as the basis of our 
analysis.  All operators except E have a trace of zero.  Thus these eight modes 
possess the symmetries 2-Ag, 2-Bu, 2-Au and 2Bu.  The C-C-H bending modes can 
be further broken down to yield CH2 wags and CH2 twists.  It is easily seen that 
the motions are evenly divided with each type of motion having the symmetries 
Ag, Bg, Au and Bu;   
• For the CH2 rock modes, we used four of the C-S-C-H dihedral angles (one for 
each methylene group) as the basis of our analysis.  All operators except E have a 
trace of zero.  Thus these four modes possess the symmetries Ag, Bg, Au and Bu; 
• For C-C stretching modes, we used the two C-C bonds as the basis of our 
analysis.  The C2 operator has a trace of two. All other operators except E have a 
trace of zero.  Thus these modes possess the symmetries Ag and Au; 
• For C-S stretching modes, we used the four C-S bonds as the basis of our 
analysis.  All other operators except E have a trace of zero. Thus these four modes 
possess the symmetries Ag, Bg, Au and bu; 
• For the C-S-C bending modes, we used the two C-S-C bond angles as the basis of 
our analysis.  The sh operator has a trace of two.  All other operators except E 
have a trace of zero.  Thus, these modes possess the symmetries Ag and Bu; 
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• For the C-C-S bending modes, we used the four C-S-C bond angles as the basis of 
our analysis.  All other operators except E have a trace of zero.  Thus, these 
modes possess the symmetries Ag, Bg, Au, Bu; 
 By combining results of the Chemistry Viewer set of programs [54] and the Svib 
program with the symmetry considerations, intensities and our experimental IR and 
Raman literature results [22], we are able to make vibrational frequency assignments with 
a high degree of confidence. 
 
2.5.3.  Optimized geometries of Cs, C1 and C2 forms for 1,4-thioxane 
 The vibrational frequencies of 1,4-thioxane were calculated at the MP2 and 
DFT/B3LYP levels of theory using the standard 6-31G* basis set.  The lowest energy 
configuration of 1,4-thioxane possesses Cs symmetry and is similar to the chair form of 
cyclohexane (Figure 2-17).  Two high-energy forms of the 1,4-thioxane was also found 
(Figures 2-18 and 2-19).  These structures are similar to the boat form of cyclohexane and 
possess the symmetries C2 and C1 respectively. All computations were performed using 
the Gaussian 98 Program Package [3] running on an SGI O200 server.  Each of the 
vibrational modes was assigned to one of 11 types of motion (C-C-O bend, C-O-C bend, 
C-C-S bend, C-S-C bend, C-C stretch, C-S stretch, CH2 twist, CH2 wag, H-C-H bend, 
CH2 rock, and C-H stretch) by means of visual inspection using the GaussView program 
[50]. 
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Figure 2-17.  Cs structure form of 1,4-thioxane. 
 
 
 
 
 
 
 
 
 
Figure 2-18. C2 structure form of 1,4-thioxane. 
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H
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Figure 2-19.  C1 structure form of 1,4-thioxane. 
 
 
2.5.4.  Vibrational analysis of 1,4-thioxane 
      Detailed analysis of the symmetry of the vibrational modes of the 1,4-dithiane 
presented in section 3.2 is used as the basis for evaluating symmetry analysis of 1,4-
thioxane can be derived from the 1,4-dithiane by replacing one of the sulfur atoms with 
an oxygen atom. The lowest energy conformation of 1,4-dithiane was shown to be a C2h 
form that is similar to the chair form of cyclohexane.  This corresponds to the lowest 
energy form of 1,4-thioxane, which possesses Cs symmetry.  In transformation, the Ag 
and Bu symmetries of 1,4-dithiane correspond to the A’ symmetry of 1,4-thioxane; the Au 
and Bg symmetries of 1,4-dithiane correspond to the A’’ symmetry of 1,4-thioxane.  
 Thus, using the results from our earlier investigation, it is possible to write down 
immediately the symmetries corresponding to 11 types of motion of the normal modes of 
H
H
H
H
S
O
H
H
H
H
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1,4-thioxane.  The C-H stretching modes possess the symmetries 4-A’ and 4-A”.  The 
CH2 wagging motions, the CH2 rocking motions, the CH2 scissoring motions and the CH2 
twisting motions are seen to each possess the symmetries 2-A’ and 2-A”.  The C-S 
bending motions and the C-O stretching modes are seen to each possess the symmetries 
A’ and A”.  The C-S-C bending motions and the C-O-C bending motions each possess 
the symmetries A’.  The S-C-C bending motions and the O-C-C bending motions are 
seen to each possess the symmetries A’ and A”. 
Visual inspection using the GaussView program as well as the Svib program was used to 
generate the normal coordinates (Figure 2-20) based on calculation at the DFT/B3YLP 
level of theory.   By combining the results of GaussView program [50] and the Svib 
program [55] with the symmetry considerations and our results for IR and Raman 
intensities, we are able to make vibrational frequency assignments with a high degree of 
confidence. The frequencies shown are the scaled DFT/B3LYP values reported in Table 
2-16. 
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

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Figure 2-20.  Displacement vectors corresponding to the 36 normal modes of the Cs 
form of 1,4-thioxane.  
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Figure 2-20a. Continued from Figure 2-20 
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Figure 2-20b. Continued from Figure 2-20. 
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Figure 2-20c.  Continued from Figure 2-20. 
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2.5.5.  Optimized geometries of C2, CS and C1 forms for di-vinyl sulfone 
The vibrational frequencies of di-vinyl sulfone were calculated at the MP2 and 
DFT/B3LYP levels of theory using the standard 6-311G* basis set.  The lowest energy 
conformation of di-vinyl sulfone possesses C2  symmetry (Figure 2-21).  Two high-
energy forms of the di-vinyl sulfone were also found (Figures 2-22 and 2-23).  These 
structures possess the symmetries CS and C1, respectively.  All computations were 
performed using the Gaussian 98 Program Package [3] running on an SGI O200 server.  
Each of the vibrational modes was assigned to one of 12 types of motion (C-H Stretch, 
C=C Stretch, S=O Stretch, C-H bend, S-C Stretch, S-C-C bend, C-S-C bend, SO2 
scissors, SO2 wag, SO2 twist, SO2 rock, O-S-C-C torsion) by means of visual inspection 
using the GaussView program.  We were unable to further resolve the C-H bending 
modes since these modes were mixed and did not separate well into motions associated 
with scissors, twists, etc.  
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Figure 2-21. C2 structure form of di-vinyl sulfone. 
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Figure 2-22. Cs structure form of di-vinyl sulfone. 
 
O
S
O
 
 
Figure 2-23. C1 structure form of di-vinyl sulfone. 
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Figure 2-24.  Normal modes of di-vinyl sulfone. 
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Figure 2-24a. Continued from Figure 2-24. 
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Figure 2-24b. Continued from Figure 2-24. 
 
  
 Visual inspection was performed using the GaussView program [50].  The 
NCAPLOT utility in the Svib program [55] was used to display the normal coordinates 
based on the results using the DFT level of theory (Figure 2-24). 
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 Combining results of the GaussView program and Svib program with the 
symmetry considerations, augmented with Raman literature results [27], we are able to 
make vibrational frequency assignments with a high degree of confidence. 
2.5.6.  Vibrational analysis of di-vinyl sulfone 
 Vibrations overlapped by band broadening are observed in the vapor phase and 
are responsible for the lack of spectral line detail, which is observed in the spectra 
measured for the analyte in the liquid and solid (matrix) phases.  For the experimental 
FTIR data collected (Figures 2-3, 2-7, 2-11), the most intense lines are observed in all 
physical states of di-vinyl sulfone.  The major bands are (700 cm-1 region) S-C Stretch, 
(900 cm-1 region) C-H Bend, and (1140 cm-1 region) S=O Stretch.  Minor spectrum detail 
contribution is observed (1600 cm-1 region) for C=C stretch in the liquid phase spectrum.  
Minor bands are also observed (3000-3300 cm-1 region) resulting from C-H stretches in 
the IR liquid phase spectrum collection.  A band observed at 3051cm-1 in the vapor phase 
is also assigned to this motion but is too weak to observe in the argon matrix at the 25 ng 
(1ul injection of 25 ug ml-1) level.  
 
2.5.7. Optimized geometries of Cs, C1, Cs’ and C1’ forms for di-vinyl sulfoxide 
The vibrational frequencies of di-vinyl sulfoxide were calculated at the MP2 and 
DFT/B3LYP levels of theory using the standard 6-311G* basis set.  The lowest energy 
conformation of di-vinyl sulfoxide possesses Cs symmetry (Figure 2-25).  Three high-
energy forms of the di-vinyl sulfoxide (C1, Cs’ and C1’) were also found.  All 
computations were performed using the Gaussian 98 Program Package [3].  Each of the 
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vibrational modes was assigned to one of 13 types of motion (C-H Stretch, C=C stretch, 
S=O stretch, H-C-H scissors, S-C Stretch, C-H wag, CH2 rock, CH2 twist, CH2 wag,  
 
 
 
Figure 2-25.  Four structures of di-vinyl sulfoxide using in this study.   
The structures are labeled by symmetry the prime designates the higher  
energy form of each symmetry. 
 
S-C=C bend, C-S-C bend, S-O bend, O=S-C=C torsion) by means of visual inspection 
using the GaussView program. 
 Visual inspection using GaussView  [50] as well as the Svib program [55] was 
used to generate the normal coordinates displayed based on calculation at the DFT level 
of theory (Figure 2-26).  We depict the molecular orbital clouds based on calculation at 
the DFT level of theory (Figure 2-27) as they relate to the normal coordinates.  Included 
in the depiction is the specific dimensional representation value, symbolized  ε  for each 
representation (orbitals 11- 27) [57].  Orbitals 1-10 are not depicted since they do not 
produce spectral lines.  Depicted next to orbital 27 (Figure 2-26), is the molecular 
orientation for each atom of the molecular structure.  Combining results of the 
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GaussView and Svib programs with the symmetry considerations, we are able to make 
vibrational frequency assignments with a high degree of confidence.  The molecular  
 
1(A')=3106cm
-1


(A')=3037cm
-1
3(A')=3003cm
-1
4(A')=1606cm
-1
5(A')=1386cm
-1
6(A')=1256cm
-1
7(A')=1052cm
-1
8(A')=1013cm
-1
9(A')=993cm
-1
10(A')=935cm
-1
11(A')=716cm
-1
12(A')=628cm
-1
 
 
 
Figure 2-26. Normal coordinate display based on calculations at the DFT level of 
theory. 
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
(A')=303cm
-1
15(A')=220cm
-1
16(A')=94cm
-1
17(A")=3106cm
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-1
19(A")=3003cm
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-1
21(A")=1381cm
-1
22(A")=1240cm
-1
23(A")=1001cm
-1
24(A")=981cm
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Figure26a. Continued from Figure 2-26 
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25(A")=928cm
-1

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-1
27(A")=566cm
-1
28(A")=468cm
-1
29(A")=268cm
-1
30(A")=150cm
-1
 
 
 
 
Figure 2-26b Continued from Figure 2-26 
  
motions at each of the reported wavelengths are depicted with the use of Svib program. 
The resulting data is provided to assist in the evaluation of our assignments (Figure 2-26). 
 
2.5.8. Vibrational Analysis for di-vinyl sulfoxide 
 Vibrations complicated by band broadening are observed in the vapor phase and 
are responsible for the lack of spectral line detail, which is observed in the spectra 
measured for the analyte in the liquid and solid (matrix) phases.  For the experimental 
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Orbital 11 (A’)      Orbital 12 (A’)            Orbital 13 (A”) 
  ε = -1.355 au       ε = -1.101 au              ε = -1.069 au 
 
 
    
          
 
 
 
 
 
Orbital 14 (A’)        Orbital 15 (A”)           Orbital 16 (A’) 
  ε = -0.944 au          ε = -0.808 au             ε = -0.760 au 
 
 
 
 
 
 
 
 
Orbital 17 (A”)      Orbital 18 (A’)           Orbital 19 (A’) 
 ε = -0.689 au        ε = -0.664 au            ε = -0.629 au 
 
 
Figure 2-27.  Molecular orbital clouds based on calculation at the MP2 level of 
theory for the CS form of di-vinyl sulfoxide. Pictorial representation of orbitals 
involved in infrared spectrum production. 
 
66 
 
 
 
 
 
 
 
 
 
 
 
Orbital 20 (A”)        Orbital 21 (A’)              Orbital 22 (A”) 
  ε = -0.613 au          ε = -0.558 au                ε = -0.542 au 
 
 
 
 
 
 
 
 
 
 
Orbital 23 (A’)          Orbital 24 (A’)           Orbital 25 (A”) 
  ε = -0.534 au            ε = -0.436 au   ε = -0.430 au 
 
 
 
 
 
 
 
 
 
 
     Orbital 26 (A”)        Orbital 27 (A’)       Molecular  
       ε = -0.391 au         ε = -0.356 au        Structure 
 
 
Figure 2-27a. Continued from Figure 2-27. 
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FTIR data collected (Figures 2-4, 2-8 and 2-12), the most intense lines are observed in all 
physical states of di-vinyl sulfoxide.  The major bands (600 cm-1  region) are the S-C 
stretch, (990 cm-1  region) CH2 twist, rock, wag, and (1050 cm-1  region) S=O stretch.  
Minor spectral contributions were observed for CH2 scissors (1370 cm-1 region) in the 
vapor phase spectrum.  Minor bands are also observed (3000-3100 cm-1 regions) resulting 
from C-H stretches in both the IR liquid and solid phase spectra collection.  A band 
observed at 3016 cm-1 in the vapor and 3018 cm-1 corresponding solid phases at the 250 
ng and 25ng (1ul injection of either 25 mg ml-1 or 25 ug ml-1) levels, respectively, are also 
assigned to this motion.  In the liquid phase spectrum, this motion is observed at 3008 
cm-1 due to band broadening. Corresponding Raman active bands are also observed in the 
expected wavelengths and are presented in Table 2-4. 
 
2.6.  Results and Discussion 
 
 1,4-dithiane represented in Tables 2-6 and 2-8 contain the calculated vibrational 
frequencies using the MP2 and the DFT/B3LYP wavefunctions, respectively.  By the rule 
of mutual exclusion, the only allowed IR transitions are the vibrational modes having Au 
and Bu symmetries; whereas, the only allowed Raman transitions are vibrational modes 
having Ag and Bg.  The use of these selection rules along with our experimental data in 
Tables 2-5 and 2-7 greatly aided assignments of the vibrational modes for 1, 4-dithiane.   
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Table 2-6.  IR spectral analysis for the C2h form of 1,4-dithiane performed at the 
MP2/6-31G* level of theory. 
 
Symmetry Freq. 
No. 
Computed 
Frequency 
cm-1 
Experimental 
Frequency 
cm-1 
IR Intensityj Assignment Corrected 
Frequency cm-1 
Ag ν1 3172 2936c All Ag vibs are inactive C-H stretch 2953 
 ν2 3114 2905c  C-H stretch 2899 
 ν3 1532 1410c, h  C-H2 scissor 1417 
 ν4 1396 1299e,a, b, c  C-H2 wag 1296 
 ν5 1290 1206c, b  CH2 twist 1213 
 ν6 1068 999e.c  C-C stretch 999 
 ν7 1006 942e, b  CH2 rock 943 
 ν8 668 628b, c  C-S stretch 628 
 ν9 341 333 b, c  C-S bend 347 
 ν10 290 277 b, c  C-S-C bend 278 
Au ν11 3173 2952 b 4.1 C-H stretch 2954 
 ν12 3117 2918f, c 37.3 C-H stretch 2902 
 ν13 1515 1409 e, a 5.2 CH2 scissor 1410 
 ν14 1372 1273 e, d 24.6 CH2 wag 1274 
 ν15 1232 1163 e 2.1 CH2 twist 1158 
 ν16 1067 994 a 0.5 C-C stretch 994 
 ν17 956 893 e,a,b,c 2.1 CH2 rock 897 
 ν18 706 664 e,a,c,d 0.6 C-S stretch 664 
 ν19 250 253 c 1.7 C-C-S bend 254 
Bg ν20 3182 2944c All Bg vibs are inactive  C-H stretch 2954 
 ν21 3114 2905c  C-H stretch 2902 
 ν22 1508 1404c,b  CH2 scissor 1403 
 ν23 1344 1252g  CH2 wag 1248 
 ν24 1178 1111g,b  CH2 twist 1107 
 ν25 876 821b,c  CH2 rock 822 
 ν26 736 694b,c  C-S stretch 692 
 ν27 375 374b,c  C-C-S bend 381 
Bu ν28 3179 2954f,g,c 19.1 C-H stretch 2960 
 ν29 3110 2913g,a 17.9 C-H stretch 1896 
 ν30 1517 1418b,c 23.8 CH2 scissor 1411 
 ν31 1385 1280e,b,c 12.9 CH2 wag 1286 
 ν32 1228 1152e,g,c 15.2 CH2 twist 1154 
 ν33 958 904e,b,c,d 32.0 CH2 rock 898 
 ν34 712 669b,c 4.9 C-S stretch 670 
 ν35 489 471e,a,d 0.6 C-S-C bend 469 
 ν36 156 169b   8.2 C-C-S bend 159 
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Table 2-7.  Correction factors for MP2/6-31G* frequencies deduced from the C2h 
form of 1,4-dithiane. 
 
 
Mode Correction Factor 
C-C-S bend  1.0173 
C-S-C bend 0.9592 
C-S stretch 0.9408 
CH2 rock 0.9378 
C-C stretch 0.9357 
CH2 twist 0.9400 
CH2 wag 0.9285 
CH2 scissor 0.9304 
C-H stretch 0.9311 
 
 
Table 2-9.  Correction factors for DFT/B3LYP/6-31G* frequencies deduced from 
the C2h form of 1,4-dithiane. 
 
 
Mode Correction Factor 
C-C-S bend  1.0468 
C-S-C bend 0.9831 
C-S stretch 1.0058 
CH2 rock 0.9708 
C-C stretch 0.9794 
CH2 twist 0.9673 
CH2 wag 0.9560 
CH2 scissor 0.9473 
C-H stretch 0.9481 
 
 
 
 A set of correction factors for the different types of vibrational modes was 
calculated following a procedure that was previously proposed [58, 59].  The correction 
factors are obtained by taking the average of the ratios between the computed and 
experimental frequencies for a particular mode.  There is very little variation in the ratios 
for each mode; this indicates that the procedure should lead to reliable predications.   
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Table 2-8.  IR spectral analysis for the C2h form of 1,4-dithiane performed at the 
DFT/B3LYP/6-31G* level of theory. 
 
a Units of IR activity are km mol-1 and for Raman scattering activity are Å amu-1 . Raman activity values are obtained 
from a calculation done at the optimized geometry that was determined at the HF/6-31G* level of theory.  
b Ag and B g vibration are IR inactive and Raman active; A u and Bu vibrations are IR active and Raman inactive. 
Symmetry Freq. 
No. 
Computed 
Frequency 
cm-1 
Experimental 
Frequency cm-1  
IR or Raman 
activitya,b   cm-1 
Assignment Corrected 
Frequencycm-1 
Ag ν1 3108 2936 218.2 C-H stretch 2947 
 ν2 3065 2905 356.3 C-H stretch 2906 
 ν3 1495 1410 14.4 C-H2 scissor 1416 
 ν4 1357 1299 3.2 C-H2 wag 1297 
 ν5 1254 1206 22.6 CH2 twist 1213 
 ν6 1022 999 8.0 C-C stretch 1001 
 ν7 975 942 12.5 CH2 rock 947 
 ν8 623 628 39.0 C-S stretch 627 
 ν9 325 333  1.1 C-S bend 340 
 ν10 283 277 3.0 C-S-C bend 278 
Au ν11 3109 2951 6.9 C-H stretch 2948 
 ν12 3066 2918 57.8 C-H stretch 2907 
 ν13 1489 1409 3.9 CH2 scissor 1410 
 ν14 1335 1273 30.3 CH2 wag 12776 
 ν15 1198 1163 1.3 CH2 twist 1158 
 ν16 1013 994 1.0 C-C stretch 992 
 ν17 922 893 2.1 CH2 rock 895 
 ν18 659 664 1.4 C-S stretch 663 
 ν19 243 253 1.6 C-C-S bend 254 
Bg ν20 3121 2944 105.4 C-H stretch 2959 
 ν21 3062 2905 103.6 C-H stretch 2903 
 ν22 1482 1404 41.3 CH2 scissor 1404 
 ν23 1301 1252 0.0 CH2 wag 1244 
 ν24 1144 1111 14.3 CH2 twist 1107 
 ν25 840 821 2.6 CH2 rock 815 
 ν26 695 694 18.9 C-S stretch 699 
 ν27 376 374 3.9 C-C-S bend 394 
Bu ν28 3119 2954 34.9 C-H stretch 2957 
 ν29 3059 2913 24.7 C-H stretch 2900 
 ν30 1489 1418 18.1 CH2 scissor 1410 
 ν31 1346 1280 20.3 CH2 wag 1287 
 ν32 1193 1152 15.3 CH2 twist 1154 
 ν33 931 904 29.7 CH2 rock 904 
 ν34 663 669 7.0 C-S stretch 667
 ν35 477 471 1.5 C-S-C bend 469 
 ν36 150 169 8.3 C-C-S bend 157 
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The computed correction factors for the MP2 wavefunction are presented in Table 2-8.  
These correction factors were used to generate the predicted frequencies in the last 
column of Table 2-7.  Table 2-6 presents the corresponding correction factors for the IR 
spectrum of 1,4-dithiane using the DFT/B3LYP level of theory. 
 The D2 form of 1,4-dithiane [60] normally does not exist since it is a high-energy 
conformer.  However, it is instructive to predict the vibrational frequencies of this high-
energy form of the molecule.  Since the D2 form of 1,4-dithiane is chiral whereas the C2h 
form is non-chiral, it is possible through application of a magnetic field of suitable 
magnitude that the D2 form may be lowered in energy in order that its IR and Raman 
spectra may be measurable.  Another possible way of experimentally generating the D2 
form may be by application of very high pressure to the crystalline solid since the volume 
of the D2 form, 663-cm3 mol-1 is slightly lower than the volume of the C2h form, 665-cm3 
mol-1 based on the volume generated by the Gaussian 94 program [2].  The predicted 
normal mode frequencies were estimated using the correction factors listed in Tables 2-
10 and 2-11 for the MP2 and DFT/B3LYP levels of calculation, respectively.  Since we 
had no data for the S-C-C-S twist mode, we used a correction factor of 0.95 for both 
levels of theory, respectively.  Tables 2-10 and 2-11 contain the predicted vibrational 
frequencies for the D2 form 1,4-dithiane using the MP2 and DFT/B3LYP levels of 
theory, respectively.  As seen from these tables, the agreement between the predicted 
frequencies using the two methods is excellent. 
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 Table 2-10.  Predicted vibrational modes of the D2 form of 1,4-dithiane at the 
MP2/6-31G* level of theory. 
 
Symmetry Freq. 
No. 
Computed 
Frequency cm-1 
IR Intensity Assignment Predicted 
Freq.  cm-1 
A ν1 3180 All A vibs are IR 
inactive 
C-H stretch 2961 
 ν2 3125  C-H stretch 2910 
 ν3 1548  CH2 scissor 1440 
 ν4 1390  CH2 wag 1282 
 ν5 1274  CH2 twist 1198 
 ν6 1079  C-C stretch 1010 
 ν7 983  CH2 rock 922 
 ν8 671  C-S stretch 631 
 ν9 318  C-C-S bend 324 
 ν10 259  C-C-S bend 263 
B1 ν11 3185 11.1 C-H stretch 2966 
 ν12 3123 19.3 C-H stretch 2908 
 ν13 1545 16.2 CH2 scissor 1437 
 ν14 1340 14.2 CH2 wag 1244 
 ν15 1182 3.3 CH2 twist 1111 
 ν16 902 3.0 CH2 rock 846 
 ν17 738 0.3 C-C-S bend 694 
 ν18 388 0.2 CH2 rock 395 
 ν19 87 8.5 S-C-C-S twist 83 
B2 ν20 3178 3.8 C-H stretch 2959 
 ν21 3123 35.8 C-H stretch 2908 
 ν22 1536 0.8 CH2 scissor 1429 
 ν23 1381 25.2 CH2 wag 1282 
 ν24 1218 3.7 CH2 twist 1145 
 ν25 1069 0.1 CH2 rock 1000 
 ν26 971 4.1 C-S stretch 911 
 ν27 711 0.5 C-C-S bend 699 
 ν28 271 2.6 S-C-C-S twist 260 
B3 ν29 3184 7.0 C-H stretch 2965 
 ν30 3121 0.0 C-H stretch 2906 
 ν31 1530 6.6 CH2 scissor 1424 
 ν32 1374 8.5 CH2 wag 1276 
 ν33 1199 7.5 CH2 twist 1127 
 ν34 977 26.3 CH2 rock 916 
 ν35 695 3.0 C-S stretch 654 
 ν36 495 0.5 C-S-C bend 475 
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Table 2-11.   Predicted vibrational modes of the D2 form of 1,4 dithiane at the 
DFT/B3LYP/6-31G* level of theory.  
 
Symmetry  Freq. 
No. 
Computed 
Frequency cm-1 
IR Intensity Assignment Predicted 
Freq. cm-1 
A ν1 3180 All A vibs are IR inactive C-H stretch 2952 
 ν2 3125  C-H stretch 2914 
 ν3 1548  CH2 scissor 1437 
 ν4 1390  CH2 wag 1292 
 ν5 1274  CH2 twist 1201 
 ν6 1079  C-C stretch 1014 
 ν7 983  CH2 rock 925 
 ν8 671  C-S stretch 625 
 ν9 318  C-C-S bend 325 
 ν10 259  C-C-S bend 253 
B1 ν11 3185 23.5 C-H stretch 2961 
 ν12 3123 23.5 C-H stretch 2910 
 ν13 1545 12.1 CH2 scissor 1433 
 ν14 1340 10.6 CH2 wag 1242 
 ν15 1182 3.1 CH2 twist 1111 
 ν16 902 3.6 CH2 rock 840 
 ν17 738 0.1 C-C-S bend 694 
 ν18 388 0.2 CH2 rock 392 
 ν19 87 8.7 S-C-C-S twist 58 
B2 ν20 3112 0.0 C-H stretch 2950 
 ν21 3069 56.0 C-H stretch 2910 
 ν22 1508 0.2 CH2 scissor 1429 
 ν23 1343 32.9 CH2 wag 1284 
 ν24 1186 2.5 CH2 twist 1147 
 ν25 1022 0.3 CH2 rock 1001 
 ν26 939 4.3 C-S stretch 912 
 ν27 662 1.5 C-C-S bend 666 
 ν28 258 2.6 S-C-C-S twist 254 
B3 ν29 3122 9.9 C-H stretch 2960 
 ν30 3067 1.1 C-H stretch 2908 
 ν31 1499 4.9 CH2 scissor 1420 
 ν32 1338 17.6 CH2 wag 1279 
 ν33 1165 6.6 CH2 twist 1127 
 ν34 947 25.1 CH2 rock 919 
 ν35 643 5.3 C-S stretch 647 
 ν36 490 0.1 C-S-C bend 482 
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Table 2-12.  Thermodynamic functions for C2h and D2 forms of 1,4-dithiane based 
on use of MP2/6-31G* and DFT/B3LYP/6-31G* levels of theory.  
 
Thermodynamics for dithiane  MP2 Level of theory. 
 E (au) ΔE 
(kcal/mol) 
S 
cal K mol-1
ΔS 
cal K 
mol-1 
H(au) ΔH 
Kcal/mol 
G(au) ΔG 
kcal/mol
C2h -951.920693 0.0000 77.455 0.00 -951.794488 0.0000 -951.831290 0.00 
D2 -951.913056 4.792 77.272 -0.183 -951.786586 4.959 -951.823300 5.014 
 
 
Thermodynamics for dithiane DFT Level of theory. 
 E(au) ΔE 
(kJ/mol)
S 
(kJ/mol)
ΔS 
(kJ/mol)
H(au) ΔH 
(kJ/mol) 
G(au) ΔG 
(kJ/mol)
C2h -953.623675 0.0000 78.157 0.00 -953.500271 0.0000 -953.537406 0.00 
D2 -953.616337 4.605 78.956 -0.799 -953.492758 4.714 -953.530273 4.476 
 
 
 The theoretical thermodynamic data of 1,4-dithiane for the MP2 and DFT/B3LYP 
levels of theory are compared in Table 2-12.  It is seen that the D2 form of 1,4-dithiane 
has an enthalpy that is approximately 5- kcal mol-1 higher in energy than C2h form.  Thus, 
it is unlikely that the D2 form exists in any appreciable amounts under normal conditions.  
It is also seen that the entropy term for the two forms of 1,4-dithiane are small, since a 
ring structure is maintained in going between the two forms; however, the sign of the 
entropy change depends on the level of calculation.  As a result of the small change in 
entropy, the free energy difference between the two forms is relatively temperature 
independent. 
 Our next compound 1,4-thioxane [60] is similar in structure to dithiane, where the 
oxygen is replaced with sulfur.  Selected geometric parameters of the Cs form of 1,4-
thioxane is provided Table 2-13 [61]. 
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Table 2-13.  Selected geometric parameters of the Cs form of 1,4-thioxane.         
(Bond lengths in pm and angles in degrees) 
 
Parameter MP2 B3LYP Experiment* 
S-C 182 184 181 
O-C 143 142 142 
C-C 152 153 150 
C-H 110a 110b 110 
O-S nonbonded 316 318 - 
C-O-C 112.2 113.5 112.5 
C-S-C 96.2 96.7 99.0 
C-C-O 112.0 112.6 109.2 
C-C-S 111.5 111.6 112.7 
S-C-H 108.4c 108.0d 109.4 
O-C-H 107.8e 107.9f 109.5 
S-C-C-O 63.0 61.4 - 
 
*M. Davis and O. Hassel, Acta Chem. Scand,  17, 1181 (1963)  
 
a. average between 109.4, 109.5, 109.5,  and 110.0 
b. average between 109.5, 109.6, 109.6,  and 110.2  
c. average between 106.9 (axial)  and 109.9 (apical) 
d. average between 106.5 (axial)  and 109.5 (apical) 
e. average between 105.3 (axial)  and 110.3 (apical)  
f. average between 105.5 (axial)  and 110.3 (apical) 
 
   For the CS form of 1,4-thioxane the moments of inertia are 4.340 GHz, 3.072 
GHz, and 1.993 GHz for the MP2 (4.2722 GHz, 3.035 GHz, and 1.958 GHz for the 
B3LYP).  For the C2 form of 1,4-thioxane, the moments of inertia are 4.464 GHz, 2.967 
GHz, and 2.017 GHz for the MP2 (4.378 GHz, 2.936 GHz, and 1.977 GHz for the 
B3LYP).  For the C1 form of 1,4-thioxane, the moments of inertia are 4.208 GHz, 3.142 
GHz, and 2.083 GHz for the MP2 (4.176 GHz, 1.065 GHz, and 2.013 GHz for the 
B3LYP).  The C1 form of 1,4-thioxane has a relatively large dipole moment of 2.0825 
Debye (1.6392 Debye) for the MP2 (B3LYP) calculation.  The CS form has a dipole of 
0.3728 Debye (0.4957 Debye) for the MP2 (B3LYP) calculation.  The C2 form has a 
dipole of 0.2387 Debye (0.4257 Debye) for the MP2 (B3LYP) calculation. 
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Table 2-14.  IR spectral analysis for the CS form of 1,4-thioxane performed at the 
MP2/631G* level of theory. 
 
Symmetry Freq. 
No. 
Computed 
Frequency 
Experimental 
Frequency 
IR 
Intensity 
Raman 
Intensity 
Assignment Corrected 
Frequency 
A′ ν1 3185          2966 16 1 C-H stretch 2972
 ν2 3163 2948 25 1 C-H stretch 2952 
 ν3 3118 2923 9 0 C-H stretch 2910 
 ν4 3069 2862 55 1 C-H stretch 2864 
 ν5 1555 1458 5 27 CH2 scissor 1458 
 ν6 1520 1429 13 4 CH2 scissor 1425 
 ν7 1461 1384 8 5 CH2 wag 1387 
 ν8 1392 1319 6 10 CH2 wag 1322 
 ν9 1342 1278 2 4 CH2 twist 1272 
 ν10 1274 1201 11 12 CH2 twist 1207 
 ν11 1112 1044 4 7 CH2 rock 1052 
 ν12 1057 1006 18 7 C-C stretch 1006 
 ν13 1016 967 11 4 CH2 rock 961 
 ν14 864 825 11 5 C-O stretch 817 
 ν15 704 674 4 6 C-S stretch 671 
 ν16 568 550 8 136 C-O-C bend 550 
 ν17 412 390 5 155 C-C-O bend 401 
 ν18 349 341 0 214 C-S-C bend 341 
 ν19 205 206 11 71 C-C-S bend 204 
A″ ν20 3186 2966 1 0 C-H stretch 2973 
 ν21 3162 2948 33 3 C-H stretch 2951 
 ν22 3121 2923 13 10 C-H stretch 2910 
 ν23 3068 2862 25 1 C-H stretch 2863 
 ν24 1543 1446 0 4 CH2 scissor 1447 
 ν25 1509 1412 2 3 CH2 scissor 1415 
 ν26 1421 1356 9 2 CH2 wag 1349 
 ν27 1360 1290 29 10 CH2 wag 1291 
 ν28 1287 1216 13 1 CH2 twist 1219 
 ν29 1228 1167 5 0 CH2 twist 1164 
 ν30 1178 1104 62 1 C-O stretch 1114 
 ν31 1059 998 7 23 CH2 rock 1002 
 ν32 1002 951 1 14 C-C stretch 949 
 ν33 849 807 3 14 CH2 rock 803 
 ν34 731 694 1 31 C-S stretch 697 
 ν35 431 430 0 75 C-C-O bend 419 
 ν36 255 252 2 79 C-C-S bend 254 
 
a  Units of IR activity are km/mol. 
b Units of Raman scattering activity are Å4/amu. 
c Raman scattering activity values are obtained from a calculation done at the 
optimized geometry that was determined at the HF/6-31G* level of theory. 
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Table 2-15.  Correction factors for MP2/6-31G* frequencies deduced from the CS 
form of 1,4-thioxane. 
 
Mode Correction Factor 
C-C-S bend  0.9966 
C-S-C bend 0.9771 
C-C-O bend 0.9721 
C-O-C bend 0.9683 
C-S stretch 0.9534 
C-O stretch 0.9460 
C-C stretch 0.9514 
C-H stretch 0.9332 
CH2 rock 0.9459 
CH2 twist 0.9475 
CH2 wag 0.9494 
CH2 scissors 0.9377 
 
 
Table 2-17. Correction factors for DFT/B3LYP/6-31G* frequencies deduced from 
the CS form of 1,4-thioxane. 
 
Mode Correction Factor 
C-C-S bend  1.0425 
C-S-C bend 0.9942 
C-C-O bend 0.9890 
C-O-C bend 0.9821 
C-S stretch 1.0218 
C-O stretch 0.9718 
C-C stretch 0.9846 
C-H stretch 0.9517 
CH2 rock 0.9724 
CH2 twist 0.9647 
CH2 wag 0.9561 
CH2 scissors 0.9517 
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Table 2-16.  IR spectral analysis for the CS form of 1,4-thioxane performed at the 
DFT/B3LYP/6-31G* level of theory. 
 
Symmetry Freq. 
No. 
Computed 
Frequency 
Experimental 
Frequency 
IR 
Intensity 
Assignment Corrected 
Frequency 
A′ ν1 3125 2966 21 C-H stretch 2974
 ν2 3094 2942 38 C-H stretch 2944 
 ν3 3067 2911 14 C-H stretch 2919 
 ν4 3010 2853 73 C-H stretch 2864 
 ν5 1523 1454 4 CH2 scissor 1456 
 ν6 1491 1416 12 CH2 scissor 1425 
 ν7 1441 1383 12 CH2 wag 1390 
 ν8 1367 1319 10 CH2 wag 1319 
 ν9 1313 1278 0 CH2 twist 1272 
 ν10 1243 1201 10 CH2 twist 1204 
 ν11 1077 1044 4 CH2 rock 1047 
 ν12 1027 1006 23 C-C stretch 1011 
 ν13 988 966 6 CH2 rock 963 
 ν14 846 825 10 C-O stretch 822 
 ν15 656 674 4 C-S stretch 670 
 ν16 560 550 9 C-O-C bend 550 
 ν17 396 390 4 C-C-O bend 392 
 ν18 343 341 0 C-S-C bend 341 
 ν19 192 206 10 C-C-S bend 200 
A″ ν20 3127 2966 6 C-H stretch 2976 
 ν21 3092 2948 56 C-H stretch 2943 
 ν22 3068 2923 10 C-H stretch 2920 
 ν23 3004 2862 29 C-H stretch 2859 
 ν24 1513 1446 0 CH2 scissor 1447 
 ν25 1482 1412 1 CH2 scissor 1417 
 ν26 1405 1356 7 CH2 wag 1355 
 ν27 1332 1290 42 CH2 wag 1285 
 ν28 1258 1216 5 CH2 twist 1219 
 ν29 1205 1167 11 CH2 twist 1167 
 ν30 1140 1104 69 C-O stretch 1108 
 ν31 1030 998 7 CH2 rock 1002 
 ν32 963 953 0 C-C stretch 948 
 ν33 829 807 3 CH2 rock 806 
 ν34 683 694 2 C-S stretch 698 
 ν35 433 430 0 C-C-O bend 428 
 ν36 249 252 1 C-C-S bend 260 
 
Tables 2-14 and 2-16 contain results for the IR analysis and the calculated vibrational 
frequencies for the CS form of 1,4-thioxane using the MP2 and DFT/B3LYP 
wavefunctions, respectively.  We used our experimental data in Table 2-2; however, we 
augmented this data with Raman and low frequency data from the literature [26-32].  
79 
  A set of correction factors for the different types of vibrational modes (Tables 2-
15 and 2-17) were calculated following a procedure that was previously proposed 
[58,59].  The correction factors are obtained by taking the average of the ratios between 
the computed and experimental frequencies for a particular mode.  There is very little 
variation in the ratios for each mode; this indicates that the procedure should lead to 
reliable predictions.  The computed correction factors for the MP2 wavefunction are 
presented Table 2-15.  These correction factors were used to generate the predicted 
frequencies.  Table 2-17 presents the corresponding correction factors for the IR 
spectrum of 1,4-thioxane using the DFT/B3LYP level of theory. 
 The C2 and C1 form of 1,4-thioxane normally does not exist since they are high-
energy conformers.  However, it is useful to predict the vibrational frequencies of this 
high-energy form of the molecule.  The values were estimated from calculated values 
multiplied by the correction factors listed for the MP2 (Table 2-15) and DFT/B3LYP 
(Table 2-17) wavefunctions.  Since we had no data for the O-C-C-S butterfly mode, we 
used a correction factor of 1.0 for both the MP2 and DFT/B3LYP levels of theory.  In the 
butterfly mode, two halves of the 1,4-thioxane molecule bend in a hinge type motion 
around a line defined by the O and S atoms.  This produces a low frequency vibrational 
mode near 100 cm-1  that is not present in the CS form.  Tables 2-18 and 2-19 contain the 
predicted vibrational frequencies for the C2 and C1 form of 1,4-thioxane using the MP2 
theories, respectively.  Tables 2-20 and 2-21 contain the predicted vibrational frequencies 
for the C2 and C1 from of 1,4-thioxane using the DFT/B3LYP theories, respectively.  
The theoretical thermodynamic data for 1,4-thioxane for the Hartree-Fock and 
MP2 levels of theory are compared in Table 2-22.  It is seen that the C2 and C1 forms of 
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1,4-thioxane have enthalpies that are approximately 25 KJ/mol higher in energy than the 
CS form.  Thus it is unlikely that the C2 and C1 forms exist in any appreciable amounts 
under normal conditions.  It is also seen that the entropy term for the three forms of 1,4-
thioxane is approximately equal.  The concentration of the C1 form may increase slightly 
with temperature.  
 Selected geometric parameters [62] for the C2 form of di-vinyl sulfone [60] are 
presented in Table 2-23.  The C2 form of di-vinyl sulfone moments of inertia are 3.609 
GHz, 1.823 GHz, and 1.679 GHz for the MP2 (3.63 GHz, 1.778 GHz, 1.649 GHz, for the 
B3LYP).  For the CS form of di-vinyl sulfone, the moments of inertia are 3.111 GHz, 
2.027 GHz, 1.711 GHz for the MP2 (3.149 GHz, 1.962 GHz, 1.680 GHz for the B3LYP).  
For the C1 form of di-vinyl sulfone, the moments of inertia are 2.698 GHz, 2.343 GHz, 
1.732 GHz, for the MP2 (2.713 GHz, 2.264 GHz, 1.698 GHz for the B3LYP).  The C2 
form of di-vinyl sulfone has a relatively large dipole moment of 5.52 Debye (4.86 Debye) 
for the MP2 (B3LYP) calculation.  The CS form has a dipole of 5.64 Debye (4.93 Debye) 
for the MP2 (B3LYP) calculation.  The C1 form has a dipole of 6.07 Debye (5.21 Debye) 
for the MP2 (B3LYP) calculation. 
 Tables 2-24 and 2-25 contain the calculated vibrational frequencies for the C2 
form of di-vinyl sulfone using the MP2 and DFT/B3LYP wavefunctions, respectively.  
We used our experimental data in Table 2-3; however, we augmented these data with 
Raman and low wavenumber data from the literature [35].  A set of correction factors for 
the different types of vibrational modes was calculated following a procedure that was 
previously proposed [58, 59].  The correction factors are obtained by taking the average 
of the ratios between the computed and experimental frequencies for a particular mode.  
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In this comparison, there is very little variation in the ratios for each mode; this indicates 
that the procedure should lead to reliable predictions.  The computed correction factors 
for the MP2 and DFT/B3LYP level of theory are presented in Table 2-26.  These 
correction factors were used to generate the predicted frequencies.  
 The CS and C1 form of di-vinyl sulfone normally do not exist since they are high-
energy conformers.  However, it is useful to predict the vibrational frequencies of these 
high-energy forms of the molecule.  The values were estimated from calculated values 
multiplied by the correction factors listed in Table 2-26 for the MP2 and DFT/B3LYP 
wavefunctions.  Tables 2-27 and 2-28 contain the predicted (calculated) vibrational 
frequencies for the CS and C1 form of di-vinyl sulfone using the MP2 (B3LYP) theory, 
respectively.  Tables 2-29 and 2-30 contain the predicted vibrational frequencies for the 
CS and C1 from of di-vinyl sulfone using the DFT theory, respectively. 
The theoretical thermodynamic data for di-vinyl sulfone for the MP2 and DFT 
levels of theory are compared in Table 2-31.  It is seen that the C2 and CS forms of di-
vinyl sulfone have enthalpies that are very close to one another with the C2 form being 
favored.  The larger entropy term of the CS form suggests that this may be the more stable 
form at high temperatures.  The C1 form is much higher in energy than either the C2 or CS 
form and it is unlikely that it exists in any appreciable amount under normal conditions.  
The ΔG 's of the C2 and CS forms are fairly close (less than kT, which is approximately 
1.5 KJ/mole).  Thus di-vinyl sulfone probably exists as a mixture at room temperature.  
At 0K the C2 form will dominate. 
  Calculated di-vinyl sulfoxide vibrational frequencies for the CS form using the 
DFT/B3LYP and MP2 wavefunctions, respectively, are presented in Tables 2-32 and 2-
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33.  Using our experimental data in Table 2-4, a set of correction factors for the different 
types of vibrational modes was calculated following a procedure that was previously 
proposed [58, 59].  The correction factors are obtained by taking the average of the ratios 
between the computed and experimental frequencies for a particular mode.  In this 
comparison there is very little variation in the ratios for each mode; this indicates that the 
procedure should lead to reliable predictions.  The computed correction factors for the 
DFT/B3LYP and MP2 level of theory are presented in Table 2-34.  These correction 
factors were used to generate the predicted frequencies.  
 The C1, CS’ and C1’ form of di-vinyl sulfoxide normally do not exist since they 
are high-energy conformers.  However, it is useful to predict the vibrational frequencies 
of these high-energy forms of the molecule.  The values were estimated from calculated 
values multiplied by the correction factors listed in Table 2-34 for the DFT/B3LYP and 
MP2 wavefunctions.  Tables 2-35 and 2-36 contain the predicted vibrational frequencies 
for the C1 form of di-vinyl sulfoxide using the DFT (B3LYP) and MP2 levels of theory, 
respectively.  Tables 2-37 and 2-38 contain the predicted vibrational frequencies for the 
CS’ form of di-vinyl sulfoxide using the DFT (B3LYP) and MP2 levels of theory, 
respectively.  Table 2-39 presents the predicted vibrational frequencies for the C1’ from 
of di-vinyl sulfoxide using the DFT (B3LYP) level of theory.  The C1’ form of di-vinyl 
sulfoxide rearranged to the CS form when optimized at the MP2 level of theory.  
The theoretical thermodynamic data for di-vinyl sulfoxide for the DFT and MP2 
levels of theory are compared in Table 2-40.  It is seen that the CS forms of di-vinyl is 
favored.  This is supported by the electron diffraction data of Rozsondai and Horvath 
[63].  
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Table 2-18.  Predicted vibrational modes of the C2 form of 1,4-thioxane           
(MP2/6-31G*).  
 
Symmetry  Freq. 
No. 
Computed 
Frequency cm-1
IR Intensity Predicted Freq. cm-1 Assignment 
ν1 3190 2.4 2977 C-H stretch 
ν2 3157 20.8 2946 C-H stretch 
ν3 3129 0.1 2920 C-H stretch 
ν4 3078 0.7 2872 C-H stretch 
ν5 1578 0.2 1480 CH2 scissors 
ν6 1535 8.2 1439 CH2 scissors 
ν7 1460 7.0 1386 CH2 wag 
ν8 1377 1.3 1307 CH2 wag 
ν9 1324 4.3 1254 CH2 twist 
ν10 1245 5.8 1180 CH2 twist 
ν11 1113 1.6 1053 CH2 rock 
ν12 1043 3.9 992 C-C stretch 
ν13 1027 15.9 971 CH2 rock 
ν14 854 12.1 808 C-O stretch 
ν15 697 3.9 665 C-S stretch 
ν16 560 0.9 542 C-O-C bend 
ν17 368 0.7 360 C-S-C bend 
A 
ν18 290 0.0 289 C-C-S bend 
ν19 3191 12.0 2978 C-H stretch 
ν20 3157 47.4 2946 C-H stretch 
ν21 3129 18.1 2920 C-H stretch 
ν22 3073 86.5 2868 C-H stretch 
ν23 1575 4.6 1477 CH2 scissors 
ν24 1536 4.2 1440 CH2 scissors 
ν25 1427 10.1 1355 CH2 wag 
ν26 1358 32.1 1289 CH2 wag 
ν27 1283 28.1 1216 CH2 twist 
ν28 1241 29.3 1176 CH2 twist 
ν29 1169 45.0 1106 C-O stretch 
ν30 1072 16.4 1014 CH2 rock 
ν31 1006 2.7 957 C-C stretch 
ν32 862 3.8 815 CH2 rock 
ν33 729 1.4 695 C-S stretch 
ν34 451 1.7 447 C-C-O bend 
ν35 282 3.8 281 C-C-S bend 
B  
ν36 106 13.4 106 O-C-C-S Butterfly 
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Table 2-19.  Predicted vibrational modes of the C2 form of 1,4-thioxane (B3LYP/6-
31G*). 
 
 
 
Symmetry  Freq. 
No. 
Computed 
Frequency  cm-1 
IR 
Intensity 
Predicted 
Freq.  cm-1 
Assignment 
ν1 3127 2.7 2976 C-H stretch 
ν2 3085 25.7 2936 C-H stretch 
ν3 3072 4.4 2924 C-H stretch 
ν4 3014 0.6 2868 C-H stretch 
ν5 1547 0.0 1479 CH2 scissors 
ν6 1503 8.3 1437 CH2 scissors 
ν7 1443 10.6 1392 CH2 wag 
ν8 1348 6.2 1300 CH2 wag 
ν9 1298 1.2 1257 CH2 twist 
ν10 1221 41.3 1183 CH2 twist 
ν11 1074 1.7 1044 CH2 rock 
ν12 1010 7.0 994 C-C stretch 
ν13 1003 14.1 975 CH2 rock 
ν14 833 11.2 810 C-O stretch 
ν15 646 5.4 660 C-S stretch 
ν16 561 0.9 551 C-O-C bend 
ν17 364 0.3 362 C-S-C bend 
A 
ν18 270 0.0 281 C-C-S bend 
ν19 3128 20.8 2977 C-H stretch 
ν20 3085 92.4 2936 C-H stretch 
ν21 3071 6.8 2923 C-H stretch 
ν22 3007 110 2862 C-H stretch 
ν23 1540 3.2 1472 CH2 scissors 
ν24 1505 2.9 1439 CH2 scissors 
ν25 1412 7.4 1362 CH2 wag 
ν26 1328 45.9 1281 CH2 wag 
ν27 1256 14.1 1217 CH2 twist 
ν28 1218 5.1 1180 CH2 twist 
ν29 1130 55.0 1098 C-O stretch 
ν30 1039 14.4 1010 CH2 rock 
ν31 967 2.7 952 C-C stretch 
ν32 841 4.1 818 CH2 rock 
ν33 677 2.4 692 C-S stretch 
ν34 443 1.3 440 C-C-O bend 
ν35 269 3.0 280 C-C-S bend 
B  
ν36 82 12.3 85 O-C-C-S Butterfly 
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Table 2-20.  Vibrational modes of the C1 form of 1,4-thioxane (MP2/6-31G*).  
 
Freq. 
No. 
Computed 
Frequencies cm-1
IR 
Intensity
Corrected 
Frequencies cm-1
Assignment 
ν1 3192 21.4 2979 C-H stretch 
ν2 3191 7.2 2978 C-H stretch 
ν3 3171 9.8 2959 C-H stretch 
ν4 3167 21.0 2955 C-H stretch 
ν5 3130 20.0 2921 C-H stretch 
ν6 3122 22.7 2913 C-H stretch 
ν7 3075 36.1 2870 C-H stretch 
ν8 3055 66.5 2851 C-H stretch 
ν9 1577 4.7 1479 CH2 scissor 
ν10 1561 0.3 1464 CH2 scissor 
ν11 1541 4.1 1445 CH2 scissor 
ν12 1533 5.2 1437 CH2 scissor 
ν13 1455 8.1 1381 CH2 wag 
ν14 1421 6.7 1349 CH2 wag 
ν15 1381 3.6 1311 CH2 wag 
ν16 1364 14.9 1295 CH2 wag 
ν17 1318 1.9 1249 CH2 twist 
ν18 1276 9.8 1209 CH2 twist 
ν19 1264 12.6 1198 CH2 twist 
ν20 1250 16.0 1184 CH2 twist 
ν21 1171 64.7 1108 C-O stretch 
ν22 1115 17.2 1055 CH2 rock 
ν23 1065 2.3 1007 CH2 rock 
ν24 1058 13.2 1007 C-C stretch 
ν25 1009 5.4 960 C-C stretch 
ν26 958 4.9 906 C-O stretch 
ν27 873 2.3 826 CH2 rock 
ν28 849 8.0 803 CH2 rock 
ν29 748 2.4 713 C-S stretch 
ν30 711 2.0 678 C-S stretch 
ν31 594 13.1 575 C-O-C bend 
ν32 477 0.4 464 C-C-O bend 
ν33 379 0.9 370 C-S-C bend 
ν34 314 5.0 313 C-C-S bend 
ν35 229 3.7 228 C-C-S bend 
ν36 91 3.4 91 O-C-C-S Butterfly  
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Table 2-21.  Vibrational modes of the C1 form of 1,4-thioxane                   
(DFT/B3LYP/6-31G*). 
 
Freq. 
No. 
Calculated 
Frequencies cm-1
IR 
Intensity 
Corrected 
Frequencies cm-1
Assignment 
ν1 3128 21.3 2977 C-H stretch 
ν2 3126 12.7 2975 C-H stretch 
ν3 3098 33.8 2948 C-H stretch 
ν4 3095 30.9 2946 C-H stretch 
ν5 3077 22.7 2928 C-H stretch 
ν6 3070 27.6 2922 C-H stretch 
ν7 3010 43.4 2865 C-H stretch 
ν8 2988 84.2 2844 C-H stretch 
ν9 1542 1.8 1474 CH2 scissor 
ν10 1532 2.0 1465 CH2 scissor 
ν11 1509 4.2 1443 CH2 scissor 
ν12 1502 4.8 1436 CH2 scissor 
ν13 1441 12.5 1390 CH2 wag 
ν14 1404 7.4 1354 CH2 wag 
ν15 1348 6.8 1300 CH2 wag 
ν16 1341 22.3 1294 CH2 wag 
ν17 1289 4.9 1243 CH2 twist 
ν18 1256 7.2 1212 CH2 twist 
ν19 1236 23.2 1192 CH2 twist 
ν20 1220 5.1 1177 CH2 twist 
ν21 1139 79.8 1107 C-O stretch 
ν22 1074 13.9 1027 CH2 rock 
ν23 1040 1.6 994 CH2 rock 
ν24 1023 17.2 1007 C-C stretch 
ν25 969 3.9 954 C-C stretch 
ν26 944 3.0 917 C-O stretch 
ν27 849 2.9 826 CH2 rock 
ν28 830 8.7 807 CH2 rock 
ν29 694 1.2 709 C-S stretch 
ν30 658 1.9 672 C-S stretch 
ν31 583 11.2 573 C-O-C bend 
ν32 461 0.4 456 C-C-O bend 
ν33 365 0.7 363 C-S-C bend 
ν34 304 4.1 317 C-C-S bend 
ν35 214 3.2 223 C-C-S bend 
ν36 47 4.8 49 O-C-C-S Butterfly 
 
 
 
87 
 
Table 2-22.  Thermodynamics functions for the three forms of 1,4-thioxane.  
 
Thermodynamics for thioxane MP2 Level of theory 
 
 E (au) ΔE 
(kJ/mol)
S 
(kJ/mol
) 
ΔS 
(kJ/mol
) 
H(au) ΔH 
(kJ/mol) 
G(au) ΔG 
(kJ/mol)
CS -629.308 0.0000 316.06 0.00 -629.185 0.0000 -629.215 0.00 
C2 -629.298 26.278 316.56 0.50 -629.175 25.779 -629.205 25.78 
C1 -629.297 27.974 323.53 7.47 -629.175 27.575 -629.205 27.58 
 
Thermodynamics for thioxane DFT Level of theory 
 
 E(au) ΔE 
(kJ/mol) 
S 
(kJ/mol
) 
ΔS 
(kJ/mol
) 
H(au) ΔH 
(kJ/mol) 
G(au) ΔG 
(kJ/mol)
CS -630.641 0.0000 318.27 0.00 -630.522 0.0000 -630.555 0.00 
C2 -630.632 24.7946 316.06 -2.21 -630.513 23.8626 -630.542 23.86 
C1 -630.631 26.3788 331.52 13.25 -630.512 25.4074 -630.543 25.41 
 
 
Table 2-23.  Selected Geometric Parameters of the C2 Form of di-vinyl sulfone 
(DVS). [Bond lengths are reported in pm and angles in degrees.] 
 
Parameter MP2 DFT (B3LYP) Experiment* 
S=O 146 146 143.8 
S-C 177 179 176.9 
C=C 134 132 133.2 
C-H 108 108 111.8 
C-S-C 101.4 102.6 107.3 
O=S=O 122.2 121.7 119.5 
S-C=C 120.2 120.5 121.5 
* Hargittal,I.; Rozsondal,B.; Labarre,J.F.; J. Chem. Soc. Dalton Trans. (1978), (7), 861-868 
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Table 2-24.  MP2 frequencies for C2 form of di-vinylsulfone (DVS). 
 
 
1 Units of IR activity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu. 
3 Raw calculated frequencies multiplied by the corrections factors in Table 2-26. 
 
 
 
 
 
 
Symmetry Frequency 
Number 
Calculated
Frequency 
cm-1 
Experimental 
Frequency  
cm-1 
IR 1 
Intensity 
Raman 2
Intensity
Assignment Corrected 3 
Frequency  
cm-1 
ν1 3296 3101a 0 74 C-H Stretch 3113 
ν2 3235 3059a 0 114 C-H Stretch 3055 
ν3 3189 3020 3 144 C-H Stretch 3011 
ν4 1662 1606a 0 18 C=C Stretch 1604 
ν5 1438 1385a 1 32 C-H Bend 1413 
ν6 1296 1254a 2 10 C-H Bend 1274 
ν7 1154 1131a 171 13 S=O Stretch 1135 
ν8 1036 1040c 1 7 C-H Bend 1019 
ν9 999 977a 52 0 C-H Bend 982 
ν10 956 942 14 0 C-H Bend 940 
ν11 734 716a 52 12 S-C Stretch 717 
ν12 648 618 7 7 C-H Bend 636 
ν13 475 478 19 2 SO2 Scissor 478 
ν14 386 384 1 7 S-C-C bend 386 
ν15 257 249 0 4 SO2 twist 249 
ν16 254 240 1 6 SO2 rock 240 
A   
   
 
ν17 90 80 1 4 O-S-C-C  bend 81 
ν18 3296 3101a 2 58 C-H Stretch 3113 
ν19 3234 3059a 1 52 C-H Stretch 3054 
ν20 3189 3020 3 45 C-H Stretch 3011 
ν21 1667 1606a 1 1 C=C Stretch 1608 
ν22 1438 1385a 32 0 C-H Bend 1413 
ν23 1368 1351b 176 3 S=O Stretch 1346 
ν24 1287 1334c 15 0 C-H Bend 1264 
ν25 1049 1040c 0 4 C-H Bend 1030 
ν26 1004 977a 54 0 C-H Bend 987 
ν27 957 975c 11 1 C-H Bend 941 
ν28 796 778a 185 2 S-C Stretch 777 
ν29 605 580 25 2 C-H Bend 594 
ν30 557 560 11 1 S-C-C bend 557 
ν31 400 384 10 3 SO2 wag 384 
ν32 254 240 2 2 C-S-C  bend 240 
B    
ν33 105 95 2 5 O-S-C-C  bend 94 
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Table 2-25.  Normal modes for C2 form of di-vinyl sulfone at the DFT/B3LYP/6-
31G* level of theory.   
 
1 Units of IR activity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 Raw calculated frequencies multiplied by the corrections factors in Table 2-26. 
 
 
 
 
 
 
Symmetry Frequency 
Number 
Calculated
Frequency
cm-1 
Experimental 
Frequency    
cm-1 
IR 1 
Intensity 
Raman 2 
Intensity 
Assignment Corrected 3 
Frequency 
cm-1 
ν1 3237 3101a 1 85 C-H Stretch 3102 
ν2 3197 3059a 1 117 C-H Stretch 3064 
ν3 3144 3020 3 183 C-H Stretch 3013 
ν4 1672 1606a 0 58 C=C Stretch 1604 
ν5 1421 1385a 0 51 CH Bend 1406 
ν6 1287 1254a 0 14 CH Bend 1274 
ν7 1099 1131a 165 12 S=O Stretch 1132 
ν8 1023 1040c 5 8 CH Bend 1013 
ν9 1006 977a 59 0 CH Bend 995 
ν10 983 942a 0 1 CH Bend 973 
ν11 706 716b 53 12 S-C Stretch 721 
ν12 624 618 6 0 CH Bend 618 
ν13 463 478 17 2 SO2 Scissor 478 
ν14 375 384 2 9 S-C-C bend 382 
ν15 248 249 0 4 SO2 twist 249 
ν16 240 240 2 7 C-S-C  bend 240 
A   
 
ν17 89 80 2 4 O-S-C-C  bend 79 
ν18 3237 3102a 3 65 C-H Stretch 3102 
ν19 3197 3055a 1 59 C-H Stretch 3064 
ν20 3144 3020 7 54 C-H Stretch 3013 
ν21 1676 1606a 2 1 C=C Stretch 1608 
ν22 1421 1385a 35 1 CH Bend 1406 
ν23 1311 1351b 107 2 S=O Stretch 1350 
ν24 1267 1334c 71 2 CH Bend 1253 
ν25 1034 1040c 0 4 CH Bend 1023 
ν26 1003 977a 51 0 CH Bend 993 
ν27 982 975c 1 2 CH Bend 972 
ν28 758 778a 191 1 S-C Stretch 773 
ν29 586 580 15 2 CH Bend 580 
ν30 552 560 14 1 S-C-C bend 563 
ν31 383 384 11 2 SO2 wag 384 
ν32 242 240 2 2 SO2 rock 240 
B   
  
ν33 108 95 2 6 O-S-C-C  bend 96 
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Table 2-26.  Correction factors for frequencies deduced from the C2 form of di-vinyl 
sulfone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mode B3LYP MP2 
C-H stretch 0.9583 0.9445 
C=C stretch 0.9595 0.9651 
S=O stretch 1.0301 0.9839 
C-H bend 0.9895 0.9828 
S-C stretch 1.0203 0.9769 
S-C-C bend 1.0198 0.9994 
C-S-C bend 0.9983 0.9460 
SO2 scissor 1.0328 1.0057 
SO2 wag 1.0037 0.9593 
SO2 twist 1.0052 0.9681 
SO2 rock 0.9926 0.9445 
O-S-C-C  0.8861 0.9001 
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Table 2-27.  MP2 Frequencies for CS form of di-vinyl sulfone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
1 Units of IR activity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 Raw calculated frequencies multiplied by the corrections factors in Table 2-26. 
 
 
 
 
 
Symmetry Frequency 
Number 
Calculated 
Frequency 
cm-1 
IR 1
Intensity 
Raman 2
Intensity
Assignment Corrected 3
Frequency 
cm-1 
ν1 3238 1 80   C-H Stretch  3114 
ν2 3196 0 169   C-H Stretch 3054 
ν3 3145 3 126   C-H Stretch  3013 
ν4 1678 1 16   C=C Stretch  1603 
ν5 1423 16 15   C-H Bend 1414 
ν6 1316 175 4   S=O Stretch 1346 
ν7 1272 18 6  C-H Bend 1273 
ν8 1100 173 14   S=O Stretch 1136 
ν9 1035 3 5  C-H Bend 1032 
ν10 1006 67 0  C-H Bend 985 
ν11 982 15 1  C-H Bend 938 
ν12 705 52 12   S-C Stretch 716 
ν13 649 18 6  C-H Bend 654 
ν14 482 9 2   SO2 Scissor  494 
ν15 426 11 5   S-C-C bend  448 
ν16 259 1 4   SO2 rock  254 
ν17 212 2 4   C-S-C  bend  213 
A'  
  
ν18 84 2 9   O-S-C-C bend 73 
ν19 3238 1 47   C-H Stretch  3114 
ν20 3193 1 18   C-H Stretch  3052 
ν21 3144 3 52   C-H Stretch 3013 
ν22 1672 2 1   C=C Stretch  1608 
ν23 1421 17 12  C-H Bend 1411 
ν24 1280 0 3  C-H Bend 1267 
ν25 1019 0 6  C-H Bend 1013 
ν26 1001 41 0  C-H Bend 978 
ν27 978 8 0  C-H Bend 935 
ν28 752 190 2   S-C Stretch 772 
ν29 581 22 1  C-H Bend 588 
ν30 499 10 0   S-C-C bend 505 
ν31 336 6 6   SO2 wag  334 
ν32 252 0 2   SO2 twist 254 
A"  
 
ν33 120 2 3   O-S-C-C bend 105 
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Table 2-28.  Normal modes of C1 form of di-vinyl-sulfone using MP2 wavefunctions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Units of IR activity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 Raw calculated frequencies multiplied by the corrections factors in Table 2-26. 
 
 
 
 
 
Symmetry Frequency  
Number 
Calculated 
Frequency 
cm-1 
IR 1 
Intensity  
Raman 2 
Intensity 
Assignment  Corrected 3 
Frequency 
cm-1 
ν1 3295 1 58 C-H Stretch 3112 
ν2 3291 1 64 C-H Stretch 3108 
ν3 3237 0 87 C-H Stretch 3057 
ν4 3224 2 123 C-H Stretch 3045 
ν5 3189 1 72 C-H Stretch 3012 
ν6 3188 3 100 C-H Stretch 3011 
ν7 1666 0 0 C=C Stretch  1608 
ν8 1662 0 11 C=C Stretch  1604 
ν9 1448 24 11  C-H Bend 1423 
ν10 1438 14 13  C-H Bend 1413 
ν11 1365 196 4 S=O Stretch 1343 
ν12 1299 14 5  C-H Bend 1276 
ν13 1289 5 4  C-H Bend 1267 
ν14 1152 179 17 S=O Stretch 1133 
ν15 1057 5 5  C-H Bend 1038 
ν16 1041 2 4  C-H Bend 1023 
ν17 1006 51 0  C-H Bend 988 
ν18 992 42 0  C-H Bend 974 
ν19 962 10 0  C-H Bend 945 
ν20 941 20 0  C-H Bend 924 
ν21 800 145 1 S-C Stretch 781 
ν22 707 37 12 S-C Stretch 691 
ν23 653 25 1  C-H Bend 642 
ν24 619 14 4  C-H Bend 608 
ν25 522 20 2 SO2 Scissor 525 
ν26 468 18 4 S-C-C bend 467 
ν27 396 9 5 SO2 wag 380 
ν28 370 8 5 S-C-C bend  370 
ν29 264 2 2 SO2 rock 249 
ν30 256 1 6 SO2 twist 248 
ν31 221 3 2 C-S-C  bend  209 
ν32 99 1 6 O-S-C-C  bend 89 
A 
ν33 50 1 5 O-S-C-C  bend 45 
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Table 2-29.  DFT frequencies for CS form of di-vinyl sulfone. 
 
1 Units of IR activity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 Raw calculated frequencies multiplied by the corrections factors in Table 2-26. 
 
 
 
 
 
Symmetry Frequency 
Number 
Calculated 
Frequency 
cm-1 
IR 1 
Intensity 
Raman 2
Intensity
Assignment Corrected 3
Frequency 
cm-1 
ν1 3238 1 89   C-H Stretch  3103 
ν2 3196 1 183   C-H Stretch 3062 
ν3 3145 3 159   C-H Stretch  3014 
ν4 1678 0 47   C=C Stretch  1610 
ν5 1423 19 25   C-H Bend 1408 
ν6 1316 88 6   S=O Stretch 1356 
ν7 1272 89 7  C-H Bend 1259 
ν8 1100 166 14   S=O Stretch 1133 
ν9 1035 10 5  C-H Bend 1024 
ν10 1006 71 0  C-H Bend 996 
ν11 982 0 1  C-H Bend 971 
ν12 705 62 12   S-C Stretch 719 
ν13 649 4 5  C-H Bend 642 
ν14 482 9 2   SO2 Scissor  498 
ν15 426 9 6   S-C-C bend  435 
ν16 259 1 5   SO2 rock  257 
ν17 212 2 5   C-S-C  bend  212 
A'  
  
ν18 84 2 11   O-S-C-C bend 74 
ν19 3238 2 55   C-H Stretch  3103 
ν20 3193 1 16   C-H Stretch  3059 
ν21 3144 8 64   C-H Stretch 3013 
ν22 1672 2 4   C=C Stretch  1605 
ν23 1421 16 18  C-H Bend 1406 
ν24 1280 1 4  C-H Bend 1266 
ν25 1019 0 6  C-H Bend 1008 
ν26 1001 36 0  C-H Bend 991 
ν27 978 1 1  C-H Bend 967 
ν28 752 198 1   S-C Stretch 767 
ν29 581 11 1  C-H Bend 575 
ν30 499 13 0   S-C-C bend 509 
ν31 336 8 7   SO2 wag  337 
ν32 252 0 2   SO2 twist 254 
A"  
 
ν33 120 3 4   O-S-C-C bend 106 
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Table 2-30.  Frequencies for C1 form of di-vinyl-sulfone (DVS)                                   
at DFT level of theory. 
 
Symmetry Frequency 
Number 
Calculated
Frequency
IR 1 
Intensity 
Raman 2 
Intensity
Assignment  Corrected 3 
Frequency 
ν1 3237 1 65   C-H Stretch 3102 
ν2 3231 4 75   C-H Stretch 3096 
ν3 3199 0 94   C-H Stretch 3065 
ν4 3186 0 136   C-H Stretch 3053 
ν5 3145 3 100   C-H Stretch 3014 
ν6 3144 5 112   C-H Stretch 3013 
ν7 1680 0 8   C=C Stretch 1612 
ν8 1673 2 27   C=C Stretch 1606 
ν9 1437 18 18   C-H bend 1421 
ν10 1421 16 18   C-H bend 1406 
ν11 1306 96 5   S=O Stretch 1346 
ν12 1288 25 5   C-H bend 1274 
ν13 1272 80 7   C-H bend 1258 
ν14 1096 176 16   S=O Stretch 1129 
ν15 1045 6 7   C-H bend 1034 
ν16 1028 4 5   C-H bend 1017 
ν17 1012 48 0   C-H bend 1001 
ν18 990 34 1   C-H bend 980 
ν19 987 8 1   C-H bend 977 
ν20 966 16 1   C-H bend 956 
ν21 763 145 2   S-C Stretch 779 
ν22 671 35 9   S-C Stretch 685 
ν23 650 22 1   C-H bend 643 
ν24 606 7 5   C-H bend 600 
ν25 504 17 2   SO2 Scissor 520 
ν26 454 18 6   S-C-C bend 463 
ν27 385 10 6   SO2 wag 386 
ν28 356 11 5   S-C-C bend  363 
ν29 254 2 3   SO2 rock 252 
ν30 243 1 5   SO2 twist 244 
ν31 212 3 3   C-S-C  bend  211 
ν32 98 1 8   O-S-C-C  bend 87 
 A 
ν33 75 1 1   O-S-C-C  bend 66 
 
1 Units of IR activity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 Raw calculated frequencies multiplied by the corrections factors in Table 2-26. 
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Table 2-31. Theoretical thermodynamics data for di-vinyl sulfone for the MP2 and 
DFT levels of theory. 
 
 
Thermodynamics for di-vinyl sulfone at the DFT level of theory. 
 
 E(au) ΔE 
(KJ/mole) 
S 
(J/ mole K)
ΔS 
(J/mole K)
H(au) ΔH 
(KJ/ mole) 
G(au) ΔG 
(KJ/mole) 
C2 -704.652 0.00 353.58 0.00 -704.557 0.00 -704.588 0.00 
CS -704.650 2.83 359.65 6.08 -704.556 2.70 -704.588 0.93 
C1 -704.647 11.96 363.20 9.62 -704.553 11.35 -704.585 8.82 
 
 
Thermodynamics for di-vinyl sulfone at the MP2 level of theory 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 E(au) ΔE 
(KJ/mole) 
S 
(J/mole 
K) 
ΔS 
(J/mole 
K) 
H(au) ΔH 
(KJ/mole) 
G(au) ΔG 
(KJ/  
mole) 
C2 -703.2214499 0.00 351.38 0.00 -703.1165449 0.00 -703.1564489 0.00 
CS -703.2203902 2.78 357.81 6.42 -703.1155552 2.60 -703.1561882 0.68 
C1 -703.2159262 14.50 363.89 12.50 -703.1111752 14.10 -703.1524972 10.38 
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Table 2-32.  Normal modes for low energy CS di-vinyl sulfoxide calculated at the 
DFT (B3LYP) level of theory using the standard 6-311G* basis set. 
 
1 Units of IR intensity are km/mol.. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) relative to 
the ethylene group in which they reside.  
4 Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
 
 
Symmetry Normal 
Mode 
Calculated
Frequency 
cm-1 
IR 1 
Intensity
Raman 2
Activity 
Assignment 3 Experimental 
Frequency cm-
1 
Corrected 4
Frequency 
cm-1 
ν1 3230 1 103 C-H stretch 3093 3096 
ν2 3176 11 221 C-H stretch 3042 3045 
ν3 3136 3 132 C-H stretch 3009 3006 
ν4 1670 2 34 C=C stretch 1603 1607 
ν5 1411 18 20 CH2 scissors (IP) 1371 1384 
ν6 1284 1 19 C-H wag (IP) 1251 1259 
ν7 1060 73 2 S=O stretch 1052 1052 
ν8 997 40 1 CH2 twist (OP) 993 998 
ν9 1009 31 6 CH2 rock (IP) 993 989 
ν10 957 12 2 CH2 wag (OP) 959 958 
ν11 698 83 9 C-H wag (OP) 693 699 
ν12 612 1 7 S-C stretch 632 635 
ν13 495 1 3 S-C=C bend 483 491 
ν14 297 2 7 S=O bend 311 309 
ν15 209 3 6 C-S-C bend 220 220 
A' 
 
ν16 99 1 13 O=S-C=C torsion - 94 
ν17 3229 2 71 C-H stretch 3093 3095 
ν18 3172 4 18 C-H stretch 3042 3041 
ν19 3135 7 60 C-H stretch 3009 3005 
ν20 1661 6 7 C=C stretch 1603 1599 
ν21 1407 3 19 CH2 scissors (IP) 1371 1380 
ν22 1265 11 2 C-H wag (IP) 1251 1240 
ν23 983 54 4 CH2 twist (OP) 993 985 
ν24 1003 3 4 CH2 rock (IP) 993 984 
ν25 953 4 0 CH2 wag (OP) 959 954 
ν26 606 11 4 S-C stretch 632 629 
ν27 561 7 1 C-H wag (OP) 570 562 
ν28 479 9 3 S-C=C bend 483 475 
ν29 253 7 2 S=O bend 261 263 
A" 
 
ν30 163 1 5 O=S-C=C torsion - 155 
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Table 2-33.  Normal modes for low energy Cs form of di-vinyl sulfoxide calculated at 
the MP2 level of theory using the standard 6-311G* basis set. 
 
 
1 Units of IR intensity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu 
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) relative to the ethylene group         
in which they reside.  
4 Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
 
 
Symmetry Normal 
Mode 
Calculated
Frequency 
cm-1 
IR 1 
Intensity
Raman 2
Activity 
Assignment 3 Experimental 
Frequency  
cm-1 
Corrected 4
Frequency 
cm-1 
ν1 3291 0 86 C-H stretch 3093 3106 
ν2 3218 5 206 C-H stretch 3042 3037 
ν3 3181 2 100 C-H stretch 3009 3003 
ν4 1654 3 9 C=C stretch 1603 1606 
ν5 1423 17 11 CH2 scissors (IP) 1371 1386 
ν6 1290 1 14 C-H wag (IP) 1251 1256 
ν7 1112 98 2 S=O stretch 1052 1052 
ν8 996 46 1 CH2 twist (OP) 993 1013 
ν9 1020 8 6 CH2 rock (IP) 993 993 
ν10 919 28 1 CH2 wag (OP) 959 935 
ν11 704 75 11 C-H wag (OP) 693 716 
ν12 650 8 8 S-C stretch 632 628 
ν13 517 1 2 S-C=C bend 483 499 
ν14 306 2 5 S=O bend 311 303 
ν15 228 3 6 C-S-C bend 220 220 
A' 
 
ν16 99 1 11 O=S-C=C torsion - 94 
ν17 3291 1 59 C-H stretch 3093 3106 
ν18 3214 3 20 C-H stretch 3042 3034 
ν19 3181 3 48 C-H stretch 3009 3003 
ν20 1647 4 1 C=C stretch 1603 1600 
ν21 1418 4 12 CH2 scissors (IP) 1371 1381 
ν22 1273 6 1 C-H wag (IP) 1251 1240 
ν23 984 55 1 CH2 twist (OP) 993 1001 
ν24 1007 0 6 CH2 rock (IP) 993 981 
ν25 912 15 0 CH2 wag (OP) 959 928 
ν26 658 1 15 S-C stretch 632 636 
ν27 556 7 0 C-H wag (OP) 570 566 
ν28 485 9 2 S-C=C bend 483 468 
ν29 271 8 2 S=O bend 261 268 
A" 
 
ν30 158 1 5 O=S-C=C torsion - 150 
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Table 2-34. Correction factors for the normal modes of di-vinyl sulfoxide. 
Calculations utilized the standard 6-311G* basis set.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Experimental normal mode frequencies do not exist for the O=S-C=C torsional modes. 
Reasonable numbers have been assumed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mode DFT(B3LYP) MP2 
C-H stretch 0.9586 0.9439 
S=O stretch 0.9925 0.9460 
S-C stretch 1.0378 0.9664 
C=C stretch 0.9624 0.9712 
C-S-C bend 1.0526 0.9649 
C-H bend (IP) 0.9806 0.9737 
C-H bend (OP) 1.0015 1.0171 
S-C=C bend 0.9921 0.9651 
S=O bend 1.0394 0.9897 
O=S-C=C torsion 1 0.95 0.95 
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Table 2-35.  Predicted normal mode frequencies for low energy C1 di-vinyl sulfoxide  
   calculated at the DFT (B3LYP) level of theory using the standard 6-311G* basis       
set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Units of IR intensity are km/mol. 
2  Units of Raman Scattering Activity are Å4/amu.  
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) 
relative to the ethylene group in which they reside.  
4  Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
 
Normal 
Mode 
Calculated 
Frequency 
cm-1 
IR 1 
Intensity 
Raman 2 
Activity 
Assignment 3 Predicted 4 
Frequency 
cm-1 
ν1 3228 2 88 C-H stretch 3094 
ν2 3217 7 105 C-H stretch 3084 
ν3 3179 5 103 C-H stretch 3047 
ν4 3167 2 103 C-H stretch 3036 
ν5 3135 5 105 C-H stretch 3005 
ν6 3132 7 107 C-H stretch 3002 
ν7 1670 2 39 C=C stretch 1607 
ν8 1661 4 14 C=C stretch 1599 
ν9 1430 5 29 CH2 scissors (IP) 1402 
ν10 1407 14 21 CH2 scissors (IP) 1380 
ν11 1275 1 22 C-H wag (IP) 1250 
ν12 1268 7 2 C-H wag (IP) 1243 
ν13 1057 78 3 S=O stretch 1049 
ν14 1028 32 8 CH2 rock (IP) 1008 
ν15 997 18 1 CH2 twist (OP) 998 
ν16 994 50 2 CH2 twist (OP) 995 
ν17 1007 28 6 CH2 rock (IP) 987 
ν18 963 28 1 CH2 wag (OP) 964 
ν19 962 7 1 CH2 wag (OP) 963 
ν20 681 31 4 S-C stretch 707 
ν21 699 57 7 C-H wag (OP) 700 
ν22 596 5 6 S-C stretch 619 
ν23 570 4 2 C-H wag (OP) 571 
ν24 516 9 2 S-C-C bend 512 
ν25 368 1 10 S-C-C bend 365 
ν26 289 4 4 C-S-C bend 300 
ν27 253 8 5 S=O bend 263 
ν28 229 4 6 S=O bend 241 
ν29 127 0 5 O=S-C-C torsion 121 
ν30 92 0 6 O=S-C-C torsion 87 
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Table 2-36.  Predicted normal mode frequencies for low energy C1 di-vinyl sulfoxide 
calculated at the MP2 level of theory using the standard 6-311G* basis set. 
 
 
 
1 Units of IR intensity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) relative to 
the ethylene group in which they reside.  
4  Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
 
Normal 
Mode 
Calculated 
Frequency  
cm-1 
IR 1 
Intensity
Raman 2 
Activity 
Assignment 3 Predicted 4 
Frequency     
cm-1  
ν1 3289 1 74 C-H stretch 3104 
ν2 3281 2 85 C-H stretch 3097 
ν3 3218 3 100 C-H stretch 3037 
ν4 3203 2 109 C-H stretch 3023 
ν5 3179 3 55 C-H stretch 3001 
ν6 3179 2 104 C-H stretch 3001 
ν7 1658 1 7 C=C stretch 1610 
ν8 1648 4 5 C=C stretch 1601 
ν9 1441 5 29 CH2 scissors (IP) 1403 
ν10 1419 14 12 CH2 scissors (IP) 1382 
ν11 1282 1 15 C-H wag (IP) 1248 
ν12 1277 3 2 C-H wag (IP) 1243 
ν13 1110 121 4 S=O stretch 1050 
ν14 1047 14 4 CH2 rock (IP) 1020 
ν15 1000 31 1 CH2 twist (OP) 1017 
ν16 994 53 0 CH2 twist (OP) 1011 
ν17 1015 6 7 CH2 rock (IP) 988 
ν18 932 32 0 CH2 wag (OP) 948 
ν19 926 19 0 CH2 wag (OP) 942 
ν20 738 40 5 S-C stretch 713 
ν21 702 46 7 C-H wag (OP) 712 
ν22 632 8 7 S-C stretch 611 
ν23 583 9 1 C-H wag (OP) 593 
ν24 526 8 2 S-C-C bend 508 
ν25 380 2 8 S-C-C bend 367 
ν26 297 3 4 C-S-C bend 294 
ν27 266 8 4 S=O bend 263 
ν28 241 4 6 S=O bend 233 
ν29 125 0 4 O=S-C-C torsion 119 
ν30 92 0 5 O=S-C-C torsion 87 
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Table 2-37. Predicted normal mode frequencies for low energy C1 form of di-vinyl 
sulfoxide (CS') calculated at the DFT (B3LYP) level of theory using the standard  
6-311G* basis set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Units of IR intensity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) relative to 
the ethylene group in which they reside.  
4 Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
Symmetry Normal 
Mode 
Calculated
Frequency 
cm-1 
IR 1 
Intensity 
Raman 2 
Activity 
Assignment 3 Predicted 4
Frequency 
cm-1 
ν1 3217 10 117 C-H stretch 3084 
ν2 3162 3 235 C-H stretch 3031 
ν3 3132 9 125 C-H stretch 3002 
ν4 1673 2 49 C=C stretch 1610 
ν5 1433 15 29 CH2 scissors (IP) 1405 
ν6 1285 0 12 C-H bend (IP) 1260 
ν7 1060 54 4 S=O stretch 1052 
ν8 1030 98 12 CH2 rock (IP) 1010 
ν9 997 44 2 CH2 twist (OP) 998 
ν10 963 28 1 CH2 wag (OP) 964 
ν11 697 56 5 S-C stretch 723 
ν12 657 16 8 C-H wag (OP) 658 
ν13 424 2 9 S-C-C bend 421 
ν14 226 4 7 S=O bend 235 
ν15 219 4 3 C-S-C bend 231 
A' 
ν16 77 0 13 O=S-C-C torsion 73 
ν17 3217 4 87 C-H stretch 3084 
ν18 3160 4 21 C-H stretch 3029 
ν19 3132 7 55 C-H stretch 3002 
ν20 1664 2 4 C=C stretch 1602 
ν21 1429 2 2 CH2 scissors (IP) 1401 
ν22 1264 4 4 C-H bend (IP) 1239 
ν23 1021 0 6 CH2 rock (IP) 1001 
ν24 988 19 0 CH2 twist (OP) 989 
ν25 962 23 0 CH2 wag (OP) 963 
ν26 698 50 1 S-C stretch 724 
ν27 555 4 1 C-H wag (OP) 556 
ν28 352 0 6 S-C-C bend 349 
ν29 254 11 4 S=O bend 264 
A" 
ν30 99 1 5 O=S-C-C torsion 94 
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Table 2-38.  Predicted normal mode frequencies for low energy C1 form of di-vinyl 
sulfoxide (CS') calculated at the MP2 level of theory using the standard 6-311G* 
basis set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Units of IR intensity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) relative to 
the ethylene group in which they reside.  
4 Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
Symmetry Normal 
Mode 
Calculated 
Frequency 
cm-1 
IR 1 
Intensity 
Raman 2 
Activity 
Assignment 3 Predicted 4 
Frequency 
cm-1 
ν1 3281 4 96 C-H stretch 3097 
ν2 3201 1 237 C-H stretch 3021 
ν3 3179 3 82 C-H stretch 3001 
ν4 1661 2 12 C=C stretch 1613 
ν5 1445 15 15 CH2 scissors (IP) 1407 
ν6 1290 0 9 C-H bend (IP) 1256 
ν7 1110 138 6 S=O stretch 1050 
ν8 1052 34 5 CH2 rock (IP) 1024 
ν9 999 48 2 CH2 twist (OP) 1016 
ν10 933 31 1 CH2 wag (OP) 949 
ν11 737 42 6 S-C stretch 712 
ν12 666 32 9 C-H wag (OP) 677 
ν13 444 2 8 S-C-C bend 428 
ν14 238 1 8 S=O bend 236 
ν15 223 7 1 C-S-C bend 215 
A' 
ν16 78 0 11 O=S-C-C torsion 74 
ν17 3281 2 68 C-H stretch 3097 
ν18 3200 4 25 C-H stretch 3020 
ν19 3179 1 43 C-H stretch 3001 
ν20 1652 1 1 C=C stretch 1604 
ν21 1439 3 12 CH2 scissors (IP) 1401 
ν22 1271 1 3 C-H bend (IP) 1238 
ν23 1033 0 5 CH2 rock (IP) 1006 
ν24 988 48 2 CH2 twist (OP) 1005 
ν25 929 26 0 CH2 wag (OP) 945 
ν26 741 49 2 S-C stretch 716 
ν27 565 6 1 C-H wag (OP) 575 
ν28 358 0 6 S-C-C bend 345 
ν29 260 10 3 S=O bend 257 
A" 
ν30 99 1 4 O=S-C-C torsion 94 
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Table 2-39.  Predicted normal mode frequencies for high energy C1 di-vinyl 
sulfoxide (C1') calculated at the DFT (B3LYP) level of theory using the standard 6-
311G* basis set. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 Units of IR intensity are km/mol. 
2 Units of Raman Scattering Activity are Å4/amu.  
3 C-H bending modes are designated as IP (in-plane) and OP (out-of-plane) 
relative to the ethylene group in which they reside.  
4 Raw calculated frequencies multiplied by the corrections factors in Table 2-34 
 
 
 
 
Normal 
Mode 
Calculated 
Frequency 
cm-1 
IR 1 
Intensity 
Raman 2 
Activity 
Assignment 3 Predicted 4 
Frequency 
cm-1 
ν1 3228 2 75 C-H stretch 3094 
ν2 3222 5 67 C-H stretch 3089 
ν3 3178 5 110 C-H stretch 3046 
ν4 3170 7 155 C-H stretch 3039 
ν5 3133 5 69 C-H stretch 3003 
ν6 3133 9 152 C-H stretch 3003 
ν7 1667 1 4 C=C stretch 1604 
ν8 1661 1 35 C=C stretch 1599 
ν9 1430 15 16 CH2 scissors (IP) 1402 
ν10 1407 12 22 CH2 scissors (IP) 1380 
ν11 1308 6 11 C-H wag (IP) 1283 
ν12 1274 5 7 C-H wag (IP) 1249 
ν13 1041 47 5 S=O stretch 1033 
ν14 1045 39 7 CH2 rock (IP) 1025 
ν15 998 55 2 CH2 twist (OP) 999 
ν16 994 15 4 CH2 twist (OP) 995 
ν17 1012 49 3 CH2 rock (IP) 992 
ν18 970 13 1 CH2 wag (OP) 971 
ν19 964 8 1 CH2 wag (OP) 965 
ν20 662 16 2 S-C stretch 687 
ν21 673 57 3 C-H wag (OP) 674 
ν22 600 16 10 S-C stretch 623 
ν23 588 3 5 C-H wag (OP) 589 
ν24 485 4 2 S-C-C bend 481 
ν25 404 2 4 S-C-C bend 401 
ν26 301 4 4 C-S-C bend 313 
ν27 250 10 5 S=O bend 260 
ν28 227 4 5 S=O bend 239 
ν29 121 1 9 O=S-C-C torsion 115 
ν30 58 1 7 O=S-C-C torsion 55 
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Table 2-40.  Theoretical thermodynamics data for di-vinyl sulfoxide for the MP2 
and DFT  levels of theory. 
 
Thermodynamics for di-vinyl sulfoxide at the DFT (B3LYP) level of theory. 
 
 E(au) ∆E 
(KJ/mole) 
S 
(J/ 
mole K)
∆S 
(J/ 
mole K)
H(au) ∆H 
(KJ/ 
mole) 
G(au) ∆G 
(KJ/ 
mole)
Cs -629.4226059 0.00 342.80 0.00 -629.3253099 0.00 -629.3642369 0.00 
C1 -629.4213144 3.39 346.16 3.37 -629.3239384 3.60 -629.3632484 2.60 
Cs’ -629.4170389 14.62 353.45 10.66 -629.3197649 14.56 -629.3599019 11.38
C1’ -629.4154219 18.86 349.73 6.94 -629.3179689 19.27 -629.3576839 17.21
 
 
Thermodynamics for di-vinyl sulfoxide at the MP2 level of theory. 
 
 E(au) ∆E 
(KJ/mole) 
S 
(J/mole K) 
∆S 
(J/mole K) 
H(au) ∆H 
(KJ/mole) 
G(au) ∆G 
(KJ / 
mole) 
Cs -628.1539091 0.00 340.64 0.00 -628.0556951 0.00 -628.0943781 0.00 
C1 -628.1522268 4.42 344.20 3.56 -628.0538538 4.83 -628.0929408 3.77 
Cs’ -628.1473579 17.20 351.61 10.97 -628.0490809 17.37 -628.0890099 14.09
C1’ 1 - - - - - - - - 
 
1 The C1’ form of di-vinyl sulfoxide is unstable at the MP2 level of theory.  This structure spontaneously 
rearranged to the CS form during optimization. 
 
 
2.7.  Summary and Conclusions 
 
 For four chemically related compounds, detailed analysis of the vibrational 
spectra was performed using a combination of experimental and theoretical chemical 
techniques.  Specifically, for 1,4-dithiane, the ground state was found to possess C2h 
symmetry.  Assignments of all of the normal modes in 1,4-dithiane were accomplished.  
Our assignments were in good agreement with earlier work [16-19].  A set of transferable 
correction factors applicable to spectral prediction in molecules similar to 1,4-dithiane 
was derived.  
A high-energy form of 1,4-dithiane with D2 symmetry was found using quantum 
chemical techniques.  Through use of the set of corrections factors derived from the 
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ground state, the vibrational spectra of the D2 form of 1,4-dithiane was predicted.  A 
detailed thermodynamic analysis was performed comparing the C2h and D2 forms of 1,4-
dithiane.  Enthalpies, entropies, and free energies were derived and compared.  We 
conclude that both the MP2 and DFT/B3LYP yield a good description of the vibrational 
modes and thermodynamics of 1,4-dithiane.   
 Examination of the second compound, 1,4-thioxane was found to possess Cs 
symmetry.  Assignments of all of the normal modes in 1,4-thioxane were accomplished.  
Our assignments were in good agreement with earlier work [26-29].  A set of transferable 
correction factors applicable to spectral prediction in molecules similar to 1,4-thioxane 
was derived.  
Two high-energy forms of 1,4-thioxane with C2 and C1 symmetries were found 
using quantum chemical techniques.  Through use of the set of corrections factors derived 
from the ground state, the vibrational spectra of the high-energy forms of 1,4-thioxane 
were predicted.   A detailed thermodynamic analysis was performed comparing the C2   
and   C1 forms of 1,4-thioxane.  Enthalpies, entropies, and free energies were derived and 
compared.    
  For the third compound, di-vinyl sulfone, vibrational spectra analysis was 
accomplished with the combination of experimental and theoretical chemical techniques. 
The compound’s ground state was found to possess C2 symmetry.  Assignments of all of 
the normal modes in di-vinyl sulfone were accomplished.  Our assignments were in good 
agreement with earlier work.  A set of transferable correction factors applicable to 
spectral prediction in molecules similar to 1,4-thioxane was derived. Two high-energy 
forms of di-vinyl sulfone with CS and C1 symmetries were found using quantum chemical 
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techniques.  Through use of the set of corrections factors derived from the ground state, 
the vibrational spectra of the high-energy forms of di-vinyl sulfone were predicted.   
A detailed thermodynamic analysis was performed comparing the C2, CS, and C1 
forms of di-vinyl sulfone.  Enthalpies, entropies, and free energies were derived and 
compared.   
For di-vinyl sulfoxide, compound four, the previously described approach was 
followed.  In this case, the ground state was found to possess CS symmetry.  We were 
able to make assignments of all of the normal modes in di-vinyl sulfoxide.  Our 
assignments were in good agreement with earlier work [40- 46].  A set of transferable 
correction factors applicable to spectral prediction in molecules similar to di-vinyl 
sulfoxide was derived.  
Three high-energy forms of di-vinyl sulfoxide with CS and C1 symmetries were 
found using quantum chemical techniques.  Through use of the set of corrections factors 
derived from the ground state, the vibrational spectra of the high-energy forms of di-vinyl 
sulfoxide were predicted.   
A detailed thermodynamic analysis was performed comparing the four forms of 
di-vinyl sulfoxide.  Enthalpies, entropies, and free energies were derived and compared.   
We conclude that both the MP2 and DFT/B3LYP yield a good description of the 
vibrational modes and thermodynamics of the five compounds studied; namely, 1,4-
dithiane, 1,4-thioxane, di-vinyl sulfone  and  di-vinyl sulfoxide.  We conclude that both 
the MP2 and DFT/B3LYP yield a good description of the vibrational modes and 
thermodynamics.  
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Chapter 3.  Correlation of Structure and Vibrational Spectra of the Zwitterion α-L 
Alanine in the Presence of Water:  An Experimental and Density Functional 
Analysis 
 
3.1 Introduction 
 
 Ab Initio analysis is a useful approach for the evaluation of biological and 
chemical compounds.  An important aspect of this computational technique is the ability 
to determine structural details for the analyte under investigation.  Extending the 
application of ab initio analysis is the ability to apply vibrational information towards the 
interpretation of analyte conformation.  For chiral compounds, precise stereo-chemical 
information is obtained from the application of VCD in conjunction with ab initio 
analysis.  The approach has been applied to conformational analysis of various 
carbohydrates [1] dissolved in carbon disulfide.  Our current interest in VCD is the 
potential to use the technique for remote detection.  Development of Mueller matrix 
spectroscopy is what makes the application of VCD as a remote detection platform 
possible [2- 4].  One feature obtained from the Mueller matrix is VCD [4].  For remote 
sensing, VCD is an attractive technique since the spectrum provides unique fingerprint 
information for a chiral compound without significant interference from water vapor and 
environmental pollutants.  VCD requires the molecule have at least one chiral center, 
which allows the molecule to exhibit chirality and the property of optical activity.  It is 
this feature we wish to utilize in our computational and experimental research.  
 Literature illustrates VCD conformational evaluations are traditionally performed 
in deuterated water [5-7].  Measurements have been made in the presence of water [8-9].   
The ability to detect analytes as airborne contaminates require the collection of VCD 
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baseline data on that material in the vapor, liquid and solid phase.  In support of this goal, 
literature does reference VCD data collected as mulls and gas phase [10-11].  
Computationally, VCD and IR band assignments in the gas, liquid and solid phases were 
evaluated for some compounds [12].  In this paper, using density functional theory 
(DFT), VCD evaluations were performed on α-l-alanine in the zwitterion form.  Alanine 
is the smallest naturally occurring chiral amino acid.  Mannose is the second compound 
of interest because of its relationship to carbohydrates.  Several similar carbohydrates 
were analyzed in organic solution [14].  The α-alanine molecule is a symmetric structure 
with a chiral center for which symmetric groups are attached.  The neutral form of this 
molecule is presented in Figure 3-1.  For this extensively studied compound, the agreed 
predominant form of α-l-alanine is the zwitterion.  That form surrounded by four water 
molecules is pictured in Figure 3-2.  For α-l-mannose (Figure 3-3), the compound in 
solution is no longer a ring structure [15] thus loosing the chiral form of interest.  
Extensive non-empirical studies have been performed on both alanine and mannose [16-
20] and various analogs.  We present computational and experimental results for these 
compounds in both the solid state (KBr pressed mixture) and dissolved in water. 
 
3.2   Ab Initio Calculations   
 
          MP2 and DFT calculations were performed with Gaussian 98 [21] running on a 
Silicon Graphics Instrument 0200 server. Using the Gaussian output and manipulating the 
results in Mathematica [22] we have generated theoretical VCD spectra for α-l-alanine 
and α-l-mannose (Figures 3-4 and 3-5).  Computationally, in the presence of water, the 
zwitterion form of alanine surrounded by four water molecules results in the best  
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Figure 3-1.  Alanine neutral configuration. 
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Figure 3-2.  Alanine zwitterion stabilized with four water molecules. Conformation 
is the lowest energy form. 
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Figure 3-3.  α-l-mannose configuration is the lowest energy form. 
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α-L-Alanine Theoretical VCD Spectrum 
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 Figure 3-4: Theoretical VCD spectrum of α-l-alanine with 4 water molecules.  Note 
the Gaussian 98 computational VCD intensity given more emphasis then the 
experimental data. 
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Figure 3-5.  Theoretical VCD spectrum of alpha-l-mannose.  The x-axis represents 
the wavenumber and y-axis represents change in absorbance. Note the Gaussian 98 
computational VCD intensity given more emphasis then the experimental data. 
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conformation, as illustrated in Figure 3-2.  This finding is consistent with Trjkhorshid et 
al. [23a].  For our work, we modeled three compounds α-l-alanine, α-l-mannose and β-l-
mannose.  The molecular energy calculated for fully optimized alanine surrounded by 
four water molecules is  –629.46382 hartree.  For α-l- and β-l- mannose the energies were                 
-578.65455 and  -577.24359 hartree, respectively.  The comparison was performed using 
ab initio calculation with B3LYP and 6-31G * basis set.  This approach allowed the 
random placement of three water molecules around the alanine molecule.  The molecular 
optimization was performed after water molecule placement.  
 
3.3 Experimental  
 
 Infrared and VCD spectra were recorded on a commercial Fourier transform 
infrared spectrometer obtained from Thermo Electron Corporation, Nicolet Instrument 
Division (Madison, WI 53711) model Magna 860 with the Tom Box™ (external bench 
air purged) and VCD accessories.  The spectrometer consisted of a KBr beam splitter.  
The Tom Box™ and VCD accessory consisted of BaF2 polarizer, optical filter (low 
frequency band pass filter transmitting below 2000 cm-1) and a 2x2-mm mercury 
cadmium telluride detector.  The PEM-80 photoelastic modulator Hinds Instruments 
(Hillsboro, OR 97124) was constructed with a wire grid zinc selenide optical element.  
The photoelastic-modulated and AC signals were processed through a Stanford Research 
Instruments (SRI) International (Menlo Park, CA 94025) lock-in amplifier followed by 
SRI hi-pass filtering. The system layout is depicted in Figure 3-6.  The SST module and 
bench rear are located on the Magna 860 Nicolet spectrometer.  Nicolet SST software is 
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used to processes the output from the SRI hi-pass filter.  Our VCD experiment utilizes the 
dual channel capabilities of the Magna 860 IR bench.  There are two modulations in this 
case (dual modulation experiment).  The first comes from the regular Fourier frequency 
(based on the optical velocity and wavenumber) and the second is the modulation of the 
polarization states (right and left polarized light) by the photoelastic modulator (PEM).  
For these experiments the PEM modulates at a fixed frequency (37 kHz for our PEM-80).  
The Fourier frequencies should be at least an order of magnitude lower than the PEM 
frequency.  The MCT detector collects a signal that is a combination of these two 
modulations.  To process the signal, the higher frequency PEM signal is filtered off and 
the resulting signal is passed to the A digitizer and is then FFT as usual to get the regular 
single beam spectrum.  To get the difference spectrum, the same signal is sent to an 
electronic filter and lock-in amplifier.  The detector signal is filtered to remove the lower 
frequency modulation and the reference frequency from the PEM is used for the phase 
sensitive detection and amplification of the difference signal.  This signal is passed to the 
B digitizer and is FFT to give the difference spectrum.  This means that when we set the 
number of scans to 5000, all 5000 scans are used for both the A (background) and B 
(difference) spectra.    
Using the Nicolet software and 3-hour data collection time, VCD spectra was 
recorded using 4 cm-1 resolution.  VCD of an analyte in water was collected for 3.5, 7, 
and 17 hours (corresponding to 10,000, 20,000 and 50,000 scans) to compare differences 
in spectral frequencies.  Samples were also prepared as KBr presses and compared 
against aqueous samples prepared as 1M solutions in de-ionized 18 MΩ water.  Samples 
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in water solutions were prepared by dissolving an appropriate number of grams into 10 
mL of water.  For alanine 0.891 grams were required and α-l-mannose required  
 
 
 
 
Figure 3-6.  System layout and illustration of components required to measure VCD 
spectrum.  
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1.79 grams.  Barium Fluoride (BaF2)windows with 0.006 mm Mylar spacers (Specac, 
Smyrm, GA 30082) were used as the cell path length for aqueous sample solutions. 
Samples in the pellet (press) form were prepared by mixing 100mg of KBr to ~ 1 
to 2mg of analyte.  The die cells used to form the press were filled with ~35mg of the 
mixture. The mixture of analyte and KBr were inserted into a press and 10,000 psi was 
applied forming the sample window.  The pressure was maintained for 5 min prior to 
viewing the pressed window.  Resulting semi-transparent windows were placed between 
the exit side of the PEM and the focusing lens.  Prior to collecting spectrum, the auto-
gain and auto-phase on the lock-in amplifier were tested to ensure the KBr pressed 
window was of sufficient formation to allow enough source energy through to the 
detector and the resulting VCD signals (AC and DC) are in-phase.   
 
3.4  Chemicals   
 
 α-l-mannose, α-d-mannose, α-l-alanine and α-d-alanine were obtained from 
Aldrich Chemical Company  (Milwaukee, WI).  The alanine was white crystals 99% pure 
and the mannose was a white powder consisting of 99% α-monomer.  Compounds were 
used as received.  Potassium bromide as white crystals in 0.5-gram packets were obtained 
from Thermo Electron [Spectra Tech] Corporation (Madison, WI) and used to make the 
pressed windows.  Water used to prepare aqueous samples was obtained from a Mega-
Pure 6A Water Still followed by deionization with a NANOpure® Diamond™ UF ultra 
pure water system obtained from Barnstead Thermolyne (Dubuque, IA). 
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3.5  Results and Discussion  
 
 Unlike the work of Tajkhorshid [23], we compare our computational results with 
the experimental data recorded in our laboratory.  Our experimental data and 
computational results agree with the experimental findings of Freedman [24a] who 
measured l-alanine in the Methine bending region (1250-1350 cm-1).  Our measurements 
of the compound are across the 2000 to 900 cm-1 region.  This was accomplished by 
using a 6µm pathlength and high alanine concentration.  The approach eliminates water 
absorption interference.  This approach was not known by the experimenters cited in the 
Tajkhorshid paper.  We also show alanine does not exhibit the characteristic amide bands 
when measured in water (pH 6.5) as expected.  This finding has been verified by 
Schweitzer-Stenner’s group [24b].  In the Tajkhorshid’s work, computational chemistry 
was applied to as a means to “extend and document the methodology of density 
functional theory (DFT) as applied to the calculation of VA, VCD, and Raman spectra of 
simple biological molecules….”.  This dissertation interest is in computational chemistry 
and VCD, its’ application to conformational analysis and the usage of VCD to determine 
the most plausible lowest energy conformer.  Applying these techniques, it has been 
determined that several zwitterion forms can exist for α-l-alanine.  Tajkhorshid reports 
the existence of seven (A-F) zwitterion forms for l-alanine.  Of the reported forms, this 
dissertation has determined that form “F” is consistent with the measured and computed 
results [23].  
 This dissertation determined that in the presence of explicit water molecules (4 
waters) the conformer of α-l-alanine retained its starting conformation during the ab initio 
optimization.  Using the B3LYP approach with a 6-31G* basis set, the bond lengths, 
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valance angles and torsion angles were found to be consist with one of the conformations 
(“F”) previously computed [23].   It is worth noting, as a peptide (of the general structure 
AHA and AWA) in the zwitterion form, the corresponding VCD recorded for the 
zwitterion form of l-alanine in water has the same general appearance [25].  The observed 
difference is the bathochromic shift (spectral displacement to a longer wavelength due to 
substitution or solvent effect).  In this case, the general bathochromic shift observed for 
the zwitterion form alanine peptide compared to the VCD for the zwitterion form of l-
alanine in this dissertation is ~240 cm-1.  
 Utilizing VCD augmented by vibrational spectroscopy and computational 
chemistry, we elucidate the molecular structure of α-l-alanine; α-l-mannose and β-d-
mannose.  It should be noted that the experimental VCD spectrum for β-l-mannose was 
not measured due to its hydroscopic nature, instability in water and availability in water.  
The computational VCD results and band assignments for α-1-alanine, α-l-mannose and 
β-l-mannose are provided in Tables 3-1 to 3-3.  Experimental VCD and absorbance 
spectra for α-l-alanine and α-d-alanine are presented in Figures 3-7 and 3-8.  The 
spectrums are uncorrected and frequencies are presented over the range 2000-800 cm-1.  
For α-l and d-alanine a stack plot is presented depicting VCD spectra for the materials 
analyzed as KBr presses (Figure 3-9).  The spectra were collected at 4cm-1 resolution; per 
convention [24], we have plotted the corresponding absorbance spectrum for the l-alanine 
(bottom) under the d-alanine (middle spectrum) and l-alanine (top spectrum) VCD in 
Figure 3-9. 
 Similar analyses were performed for the alanine conformer measured as water 
solution samples collected at 4 and 1 cm-1 resolution.  The higher resolution (1 cm-1) 
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VCD results do not exhibit the details of the 4 cm-1 resolved spectra due to the limited 
number of scans collected (10,000).  Collection of 50,000 scans did not result in a 
significant improvement in the spectral quality at the 1 cm-1 resolution.  It is estimated 
that 200,000 scans are required to obtain equivalent detail at the 1 cm-1 resolution, 
assuming signal to noise performance does not degrade over the acquisition period.  A 
plot for the α-l-alanine VCD spectra (as KBr pellet) and the corresponding 1 M water 
solution sample collected at the 4 and 1 cm-1 resolution are included for inspection 
(Figure 3-10).  
 VCD spectrum for α-l-mannose and α-d-mannose as KBr presses are plotted in a 
similar manner (Figure 3-11) illustrating the opposing band magnitudes.  Unlike the 
alanine VCD data, VCD experimental spectral results for α-l and d-mannose dissolved in 
water were unsuccessful.  This is due to the rapid molecular structural changes mannose 
undergoes in the presence of water.  We could not collect the VCD or infrared spectra 
fast enough to graphically illustrate the molecular conformational changes observed.  
           Computationally, we provide assignments for α-l-alanine, α-l-mannose and β-l-
mannose in Tables 3-1 to 3-3.  Theoretical VCD spectra for α-l-alanine and α-l-mannose 
were generated using the computational output.  The theoretical VCD spectra plotted 
from the computational data are shown in Figures 3-5 and 3-6.  Experimentally, VCD 
spectrum of α-l  & d-alanine and α-l & d-mannose prepared as the KBr press samples 
were measured and have been presented as Figures 3-7, 3-8, 3-12, and 3-13. 
Vibrational circular dichroism frequencies, band intensity and molecular motion 
producing that assignment are provided as Tables 3-1 to 3-3.  Stack plots for alanine are 
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provided to illustrate that the corresponding VCD frequencies are equal, yet band 
magnitudes differ in that the d form of alanine has a stronger intensity than the l form. 
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Frequency 
cm-1 Rn Assignment 
   
   
3849 -161 O-H stretch, Water 
3840 1225 O-H stretch, Water 
3840 -708 O-H stretch, Water 
3678 -7496 O-H stretch, Water 
3549 1480 O-H stretch, Water 
3510 -2 N-H stretch 
3305 170290 O-H stretch, Water 
3249 359747 O-H stretch, Water 
3134 -211905 N-H stretch 
3128 546 C-H, CH3 stretch 
3108 320 C-H, C-H3 stretch 
3096 -799 C-H, C-H3 stretch 
3030 -1201 CH3 sym scissor 
3023 -246672 O-H,N-H stretch 
2887 23829 N-H stretch 
1824 15460 H-O-H, N-H bend 
1812 -42883 H-O-H, N-H bend 
1787 -51040 H-O-H, N-H bend 
1770 23640 H-O-H, N-H bend 
1747 -59558 C-O stretch 
1728 945 N-H3 sym bend 
1703 243581 C-O stretch 
1629 6740 C-N stretch 
1520 293 C-H3 bend 
1505 -246 C-H3 bend 
1432 -5193 C-H,CH3 bend 
1402 399 C-H,CH3 bend 
1384 24290 C-C-O stretch 
1325 -1698 N-C-C stretch 
1263 66 C-C-N stretch 
1147 73235 C-N stretch 
1132 43109 N-H bend 
1106 298 C-N stretch 
1072 62673 O-H bend 
1047 -65753 C-C stretch 
998 5 C-C stretch 
954 -207063 C-C stretch 
892 529 C-N, C-C stretch 
827 -6718 C-N, C-C stretch 
 
 
Table 3-1.  α-l-alanine band assignments  utilizing  computational data. 
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Table3-2.  α-l-mannose band assignments utilizing computational data. 
 
 Frequency           Rn Assignment 
  
 3752 -31 O-H stretch 
 3737 -1918 O-H stretch 
 3735 649 O-H stretch 
 3715 445 O-H stretch 
 3692 -3066 O-H stretch 
 3105 -1069 O-H stretch 
 3093 432 C-H stretch 
 3056 2338 C-HC-H2 stretch 
 3038 -1305 C-H2 stretch 
 3027 -2163 C-H stretch 
 3014 693 C-H stretch 
 3008 51 C-H stretch 
 1541 2 H-C-H scissor 
 1479 -1870 C-C stretch 
 1469 4200 C-C stretch 
 1463 7828 O-C-C stretch 
 1448 2470 C-C stretch 
 1438 -386 C-C stretch 
 1420 -682 C-H bend 
 1412 1112 C-CH2-OH stretch 
 1387 2729 C-H bend 
 1380 -167 C-C stretch 
 1371 -1481 C-H,OH bend 
 1366 315 C-H,OH bend 
 1350 -104 C-H bend 
 1288 -567 C-H,OH bend 
 1265 1012 C-H,OH bend 
 1243 1896 C-H bend 
 1231 10041 C-H,OH bend 
 1203 1358 C-H,OH bend 
 1159 -18648 C-O stretch 
 1138 -15742 C-O stretch 
 1136 3312 C-O stretch 
 1120 557 C-C-C stretch 
 1107 -31228 C-O stretch 
 1098 16180 C-O-C stretch 
 1086 5190 CH2-OH stretch 
 1069 -36599 C-O-C stretch 
 1050 1427 C-C stretch 
 984 -105 C-C stretch 
 955 914 C-O-C stretch 
 926 -812 C-C stretch 
 877 31 C-C stretch 
 779 10833 C-C-O stretch 
 660 686 C-CH2-OH stretch 
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Table 3-3.  β-l-mannose band assignments utilizing computational data. 
 
Frequency Rn Assignment 
3742 -58 O-H stretch 
3740 33 O-H stretch 
3736 -70 O-H stretch 
3716 393 O-H stretch 
3603 -3182 O-H stretch 
3106 -373 C-H,C-H2 stretch 
3095 457 C-H,C-H2 stretch 
3036 2864 C-H stretch 
3021 -246 C-H stretch 
3010 1338 C-H stretch 
2995 -1733 C-H stretch 
2980 106 C-H stretch 
1545 -1 H-C-H scissor 
1489 -18 C-C stretch 
1473 9174 C-C stretch 
1470 -24606 C-C stretch 
1457 1592 C-C stretch 
1445 906 C-C stretch 
1418 -155 C-CH2-OH stretch 
1407 6018 C-H.OH  bend 
1385 -58 C-H bend 
1372 -1048 C-H bend 
1368 -1698 C-C stretch 
1358 7411 C-H,OH bend 
1349 -249 C-H bend 
1287 -1004 C-H,OH bend 
1267 1480 C-H,OH bend 
1259 -5301 C-H,O-H bend 
1237 2060 C-H,OH bend 
1209 7710 C-H,OH bend 
1174 -7240 C-O stretch 
1142 11224 C-O stretch 
1136 -29559 C-O stretch 
1125 -999.35 C-O-C stretch 
1106 7228 C-C-C stretch 
1103 11669 C-O-C stretch 
1090 4705 CH2-OH stretch 
1083 -91864 C-C stretch 
1047 10313 C-C stretch 
1032 -7028 C-C stretch 
993 -1099 C-O-C stretch 
973 -21 C-C stretch 
877 1344 C-C stretch 
712 -640 C-C-O stretch 
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Figure 3-7.  Uncorrected VCD experimental spectrum for KBr pellet sample of α-l-
alanine 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
It is instructive to compare the experimental spectrum with the theoretical spectrum 
(c.f. page 115). The experimental spectrum exhibits fine details. Both spectrum show 
common characteristics in the 1800 cm-1 to 1600 cm-1 region. 
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Figure 3-8.  Uncorrected VCD experimental spectrum for KBr pellet sample of α-d-
alanine 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
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Figure 3-9. Uncorrected α-l & α-d-alanine experimental VCD spectra consisting of 
α-l-alanine top view, α-d-alanine middle and KBr pellet sample of alanine 
absorbance spectrum bottom view.  
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This is seen in the experimental spectra (Figure 3-9) for the stack plot of these 
two stereomers.  While the frequencies for the two stereomers agree, some differences 
are observed in the spectra taken in the solid phase.  For example, at band position 1114 
cm-1 in the l-alanine solid phase spectra, a shoulder is well resolved.  At the same band 
location for d-alanine, the shoulder is observed yet not resolved.  The most significant 
bands at 1320 - 1400 cm-1 are very pronounced and do have a distinct shoulder for l-
alanine in the negative direction (below the zero line).  That band position for d-alanine 
does exhibit a shoulder, but the shoulder transitions smoothly without the abrupt edge.  
For both conformers, the band (singlet) at 1520 cm-1 is well pronounced and the band at 
1550 cm-1 transitions in the positive direction.  We hypothesize that these differences are 
due to the crystalline structure of the compound in the KBr press.  Our initial 
investigation and 10 replications of producing the analyte / KBr matrix do not support 
this hypothesis. Noise and artifacts are not observed in the blank samples.  This level of 
detail is not observed in the aqueous solution (Figure 3-10) because the signal is not very 
intense.  These differences are an area for further investigation.   
Ideally (theoretically), the VCD spectra should be of equal band positioning and 
equal, but of opposite sign in band magnitude.  Our work and the work of others have 
observed that VCD measurements for two opposite conformers do not always produce 
the equal but opposite response.  We have examined the noise of the spectrometer with 
KBr pressed samples.  Our instrumental noise is low, less than 0.5%, and there are no 
spikes or extraneous peaks produced from pressed windows.  Figure 3-14 illustrates 
system noise.  In plot (a) of Figure 3-14, the VCD measurement is made as an open path 
length to the detection system.  The characteristic wavy spectrum is the result of fast 
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Fourier transforms of the Bessel function in the absence of chiral material absorbing the 
infrared energy.  The magnitude of the spectrum intensity increases from 2000 towards 
800 wavenumber regions due to limitation in the instrumental optics.  This effect in part 
is due to the photoelastic modulator, which contains a zinc selenide wire grid polarizer. 
Towards the shorter wavenumbers, the percent transmittance is reduced resulting in 
increased absorbance as depicted.  Plot (b) is a similar experiment, which accounts for the 
infrared absorption attributed to potassium bromide used to form the KBr presses.  By 
taking the ratio of plots (a and b), the noise attributed to the spectrometer is observed.  
Computationally, the most intense stretches occur in the 900, 1700 and 3000 cm-1 
regions.  The magnitudes of the computational results when compared to the 
experimental results are not as consistent as the frequency position information, which 
are in good agreement.  No experimental data could be collected in the 3000 to 2000 cm-1 
or 800 to 200 cm-1 region with our system.  Different photoelastic modulators and 
detectors are required for those measurements.  Experimental results for alanine in water, 
as discussed, show depressed band intensity across the measured region when compared 
to the solid sample.  This is due to the solvent’s effect (water) on the molecule’s 
vibration.  The intense bands observed in the alanine spectra represent C-C-O, N-C-C 
stretches and CH, CH3 bends, which are still well pronounced, as illustrated in the 
experimental data (Figures 3-9 and 3-10).  Computational determination of α and β-
Mannose resulted in the band assignments provided in Tables 3-2 and 3-3.  There is 
significant difference in band intensity between the two conformers.  For example, the C-
C stretch band at 1050 cm-1 (α-l-mannose) and the corresponding band at 1047 cm-1 (β-l-
mannose) differ in magnitude by a factor of 10.  Other corresponding bands are of equal 
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magnitude with opposite sign.  Observed band positions (frequencies) reveal a shift when 
comparing α and β forms of the mannose conformers. These band shits correspond to 
stretch or bending motions in some cases.  An example of this observation is the x-axis 
represented by wavenumber and y-axis representing change in absorbance for the C-O 
stretch at 1159 cm-1 (Table 3-2) versus 1174 cm-1 (Table 3-3).  Relative to the 
assignments proposed for the α and β forms of the compounds studied, frequency shifts 
range between 1 to 25 cm-1.  Experimentally, Figure 3-11 illustrates that band positioning 
does not shift for the α-l versus d form of mannose. 
 
3.6  Summary and Conclusions 
 
A detailed analysis of the vibrational circular dichroism spectra of α-d-alanine, α-
l-alanine, α-d-mannose and α-l-mannose was performed using a combination of 
experimental and theoretical chemical techniques.   β-l-mannose was analyzed using 
computational techniques alone due to the hydroscopic nature of the material.  Our 
assignments for alanine were in agreement with literature [23].   Experimental VCD 
spectrum for KBr presses of α-l-alanine and α-l-mannose compare favorably with the 
theoretical spectrum generated from the computational results.  Gaussian 98 results differ 
in magnitude from experimental results.  This suggests the need for algorithms, which 
can manage the frequency positions where the VCD magnitude approaches infinity.  The 
proper magnitude dampening function would generate improved agreement between 
theoretical results and experimental data.  Our generation of the theoretical VCD spectra 
using Mathematica required the use of a correction factor to accommodate the areas 
where the VCD intensity approaches infinity.  We conclude the DFT/B3LYP yields a 
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good description of the vibrational circular dichroism for α-d and l-alanine, and α and β-l-
mannose. 
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Figure 3-10.  Uncorrected α-l-alanine experimental VCD spectrum of material as 
KBr press top view, next view as 1M-water solution collected both at 4 cm-1.  The 
next VCD spectrum for the material is collected at 1 cm-1. Finally, α-l-alanine absorbance 
spectrum appears in bottom view collected using 4 cm-1 resolutions. 
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Figure 3-11.  Stack plot VCD for KBr press of α-l & d-mannose with the absorbance 
spectrum from α-l-mannose collected at 4 cm-1 resolution. 
The VCD bands for l-mannose between 980 -1050 cm-1 are very well resolved while the 
same bands in the same region for d-mannose are not well resolved. It is postulated 
this is due to the instability of d-mannose in the presence of moisture. 
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Figure 3-12. Uncorrected experimental VCD spectrums of α-l-mannose as a KBr 
pellet sample collected at 4 cm-1 resolution. 
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Figure 3-13.  Uncorrected experimental VCD spectrum of α-d-mannose as a KBr 
pellet sample collected at 4 cm-1 resolution. 
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Figure 3-14: Presented are VCD collections of the (a) open path length to detector, 
(b) KBr press blank and (c) ratio of signals (a) and (b) illustrating spectrometer 
noise level.  The absorbance scale was adjusted by scale factor of 0.1. 
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Chapter 4.  Probing the Chiral Center 
 
4.1 Introduction 
 
 Organic molecules undergo excitation when exposed to ultra violet (UV) light 
(Figure 4-1).  The primary difference between UV and circular dichroism (CD) is that the 
CD is highly sensitive and limited to optically active compounds.  UV and CD both have 
their origin in the ground state and electronically excited energy considerations. 
However, UV is conventionally positive, while CD can be both positive and negative. 
Since the early observation of the infrared ORD CD has come a long way.  The linearly 
polarized light and circularly polarized light on passing through chiral organic 
compounds gives rise to ORD and CD, respectively. CD spectroscopy has been found to 
be a versatile tool in the study of conformational analysis and  
stereochemistry of chiral compounds [1a]. 
 
      
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-1.  Molecular Orbital Diagram of the C = O Group. Illustrative of the 
excitation which occurs when exposed to ultraviolet radiation. 
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The ORD studies in the visible and UV region of dialkyl and aryl alkyl sulfoxides have 
been reported [1b-e].  Now the exposure of organic molecules to UV light causes 
electronic transitions.  Using the Beer-Lambert law, the amount of light absorbed (A) can 
be calculated with the aid of the relationship A = -log10 (IO/I) = εcl, where IO is the 
intensity of incident light and I is the intensity of the transmitted light.  This equation also 
states that A is proportional to the product of c (concentration in moles per liter) and l 
(length of path through sample in centimeters).  The term ε is the molar absorption 
coefficient.  For the chiral medium AL and AR represent left and right components of 
circularly polarized light.  Again using the Beer-Lambert law, we have  
   AL = -Log10 IO/IL  Equation 1 
   AR = -Log10 IO/IR  Equation 2 
On entering the sample AL = AR but on exiting the exiting the chiral medium AL ≠ AR 
  ΔA = AL - AR   = -Log10 IR/IL  Equation 3 
        = Δεcl          Equation 4 
  Δε = ΔA / cl    Equation 5 
When linearly polarized light passes through a chiral medium, it is split up into left and 
right (L and R) components due to differential absorptions thus, causing a difference 
between the absorption of left and right polarized infrared beams. Since UV-visible 
(Figure 4-2A) and CD (Figure 4-2B) spectra are based on electronic transition 
considerations, they have almost similar appearance (cf. Figure 4-2).  As CD is based on 
differential absorption of UV-visible light, the spectra can be either positive or negative 
(Figure 4-2C).  In CD, the UV-visible light becomes circularly polarized after passing  
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Figure 4-2A-C. Comparison of UV-Visible and CD Spectra. [adopted from D.A. Lightner 
and J.E. Gurst, “Organic Conformational Analysis and Stereochemistry from Circular Dichroism 
Spectroscopy”, Wiley-VCH Publishers, New York (2000) p39.] 
 
 
 
through polarizer and the left and right components travel at different velocities as a 
consequence of their differential absorption during their passage (cf. Equations 3, 4 and 
5). The uniqueness of CD is that it is applicable and limited to optically active 
compounds. During the last decade vibrational optical activity (VOA) has come of age 
[1f-g, 2-5], including the development of methodology to theoretically verify the 
experimental results [3,5-7] and perform examination of the structure of chiral 
compounds [8-10].  VCD has been described as “an analog of electronic CD for 
vibrational transitions” [1g],  owes its origin to angular or circular charge flow and has 
been described as an extension of electronic CD for vibrational transition.  It is the 
difference in absorbance between two components of the circularly polarized radiation 
(Figure 4-3).  
 The infrared (IR) spectrometer, which records CD from IR vibrational absorption 
is the VCD-spectrometer.  Thus VCD is the CD of vibrational transitions of chiral 
molecules occurring in the infrared region.  Experimentally, a VCD signal is measured as  
148 
 
     
Figure 4-3.  Diagrammatic Definition of Vibrational Circular Dichroism (VCD). 
[Adopted from L.A. Nafie, Applied Spectroscopy, Vol. 50 No. 5 (1996) (Focal Point Article)] 
  
 
 the absorbance change (ΔA).  Typically, the ΔA value ranges from 10-5 to 10-4 
absorbance units.  Conceptually, filtration of all vibration of isotropic light (Figure 4-4A), 
except along the line of propagation, furnishes linearly polarized (anisotropic) light 
(Figure 4-4B), which is regarded as a combination of left and right rotating components 
of circularly polarized light.  In the case of linearly polarized radiation, the two 
components travel at the same velocity and in phase.  In other words, the two components 
are of equal frequency, wavelength and intensity.  The sum of the components exhibits 
the properties of the linearly polarized light and its amplitude decreases and increases, as 
shown in Figure 4-4B.  
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Circularly polarized light is obtained by passing the linearly polarized light through a 
prism (quarter-wave-plate) producing what is known as the Pockel’s effect (Figure 4-4C, 
D).  This process causes a one-quarter wave retardation of linearly polarized light.  That 
is, when linearly polarized light passes through a birefringent quarter-wave-plate it gets 
split into left and right components of the circularly polarized light  (Figure 4-5). The left 
component travels in a counter-clockwise fashion along the direction of the arrow 
describing a right-handed helix (Figure 4-5).  The L-vector travels at a slower velocity 
than the R-component.  After the two components pass through the chiral medium, the 
detector records their intensities.  VCD has found application as a noninvasive highly 
sensitive diagnostic device in determination of chiral purity (el ratio) of enantiomers, and 
in the determination of the absolute configuration of the optically active compounds and 
their probable confirmation in solutions.  
 
Figure 4-4A. 
Isotopic Light 
Figure 4-4B. Linearly 
Polarized Light at a 
Given Time 
Figure 4-4C. 
Birefringent-    
Quarter-wave Plate 
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Figure 4-4D.  Illustration for the direction and magnitude of electric field vectors 
within polarized light. 
 
 
 
Figure 4-5.  Polarized light split up into Left and Right circularly polarized 
components. L-circularly polarized component moves along a left-handed helix 
while the R-component travels along a right-handed helical path. [Figures 4 A - B are 
adopted from “Stereochemistry of Organic Compounds, E.L. Eliel, S.H. Wilen; Wiley and Sons, New York 
(1994).  Figures 4 C - E are adopted from D.A. Lightner, J.G. Gurst, “Organic Conformational Analysis 
and Stereochemistry from Circular Dichroism” Wiley-VCH Publishers, New York (2000)]. 
 
 The theory of VCD has been discussed in detail [11].  Infrared vibrational circular 
dichroism represents a dynamic spectroscopic technique.  It permits the determination of 
molecular conformations and configurations and the study of the electronic interactions 
and molecular vibrational transitions.  The VCD is a consequence of the chiroptical 
activity and involves the study of differential interactions of circularly polarized light 
passing through optically active medium.  The VCD primarily involves the interaction of 
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chiral compounds with circularly polarized infrared radiation, which is recorded as 
vibrational differences between the left and right circularly polarized infrared radiation. 
In other words, VCD spectra are records of the differential absorption and refraction of 
the left and right circularly polarized radiation.  An energy level profile (Figure 4-6), 
displays the energy absorbed by chiral molecules when undergoing transition from the 
ground level to an excited level.  According to the accepted principles of VCD 
spectroscopy, the VCD is the differential absorption (∆A) of the left (AL) and right (AR) 
circular polarized infrared radiation.  This is depicted in the energy-level polarization 
state diagram (Figure 4-6).  Depictions represented by Figures 4-3, 4-6 and 4-7 are 
reproduced from literature [2]. 
 
 
 
 
 
 
 
          
  Figure 4-6. Energy Level diagram  Figure 4-7.  Mirror symmetry relation  
     for VCD vibrational transition.                for Circular polarized radiation.  
 
152 
All VCD measurements are due to the differential transmission through the chiral 
medium.  The d- and l-enantiomers of the chiral compound “exhibit mirror image 
relationship” with one another (Figure 4-6).  The optical activity of the dextro-enantiomer 
is the difference in intensities arising from the absorption of the right polarized light 
minus the left polarized light.  Interplay of the chiral enantiomers with the right (red) and. 
left (green) circularly left polarized radiation is expressed mathematically below.  The 
VCD interactions of the enantiomers of the chiral molecule show a similar relationship to 
each other.  The optical activity of the dextrorotary enantiomer is expressed as the 
difference in the intensities (ΔI) arising from the absorption of (right and left) polarized 
radiation.  Intensity change (ΔI) is related to the absorption by levorotary and the right 
and left circularly polarized radiation.  Intensity change is defined by the following 
equations:   
 ΔI = IL(+) - IR(+)               where + = dextrorotary  enantiomers  equation 6       
and 
 ΔI = IL(-) - IR(-)                 where - = levorotary  enantiomers.   equation 7     
 
It is evident from the above expression that the optical activity of a given compound can 
be measured by using a known value of left and right circularly polarized radiation [12].  
    ΔI = [ IR(+) - IR(-) ]   equation 8    
         = [ IL(+) – IL(-)]      equation 9      
          IR(+)  =  IL(-)   and     IR(-) =  IL(+)     equation 10    
Since the optical antipoles are non-superimposable mirror images, their specific rotation 
are equal but opposite in sign.  If the absolute stereochemistry of one enantiomer is 
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known, then that of the other enantiomers can be defined with absolute specificity.  The 
sign and the VCD magnitude can be described in terms of dimensionless anisotropy ratio, 
g, known as the experimental VCD band absorption to the experimental infrared band 
absorbance.  This ratio (g) is equal to 4 times the rotary strength R divided by the dipole 
moment D written in equation form:  
       g   =   Δε  =  4R                                                       equation 11     
                                                   ε         D 
 
The measurement of VCD employs modulating the radiation between left and right 
circularly polarization states [13, 14].  The shown block diagram setup is for the typical 
VCD measuring device (Figure 4-8) [2]. 
 The source of radiation is thermal. A dispersive grating monochromatic or an 
FTIR spectrometer is employed prior to the polarization modulator, the latter consisting 
of a PEM operating between 35 to 60 KHz.  After the infrared radiation goes through the 
optical filter, the optically active compound (a solution, neat liquid or potassium bromide 
pellet) it is focused on type Y detectors.  
 
 
Figure 4-8.  Block Diagram of Vibrational Circular Dichroism System. 
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The processing electronics use lock-in amplifiers (Stanford Research) and involves 
digitization, Fourier-transformation, before being recorded.  The VCD spectra have 
strong bands with positive and negative signs, which can be interpreted.  At the empirical 
level, these bands are associated with vibrational frequencies of the molecules with 
known absolute configuration.  This heads to the so called “marker bands,” which are 
characteristic of a given functional group of the compound of know configuration. The 
interpretation often employs theoretical ab initio calculations [11,13-15a-d ]. 
 In the previous chapter, it was demonstrated that VCD is sensitive to changes 
such as conformational modifications and molecular architecture around the chiral center.  
The use of VCD for conformational exploration and investigation primarily involves two 
approaches.  The first approach utilizes the examination and correlation of characteristic 
VCD bands of a series of similar constituted compounds.  In the second approach, the 
theoretical VCD values are calculated using computational models for which a 
compound’s geometry is applied to the computational model.  In many cases, the results 
are compared to experimental measurements.  This approach was applied in Chapter 3. 
 Evaluation of the approach and models for the goal of adequately describing an 
unknown compound often requires comparison with compounds of known 
conformations.  Cinnamic acid is an achiral compound.  However, it can be used as a 
building block to synthesize a series of novel stereomers, which can be extremely useful 
in probing the subtle changes brought about around the chiral center.  We utilize this fact 
in portions of this dissertation to study effects at and around the chiral center.  Applying 
approach one, careful examination of the VCD spectra can thus furnish spectral evidence 
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on the effect of the functional groups in relationship to conjugation, effects of the 
different substituents, influence of electron-withdrawing and donating groups, steric 
effects and major factors contributing to the overall rigidity of the molecule.  For the 
series of compounds to be examined, similar stereo-chemical integrity and the 
environment around the chiral center must be maintained throughout the study.  
Furthermore, such a model must permit the study of the effects of mass charge 
polarizability and other properties of the substance as it relates to its VCD spectrum.  The 
objective of this study is to delineate and decipher the subtle effects elicited by structural 
modifications at and around the chromophore of the chiral compounds.  Secondly, it is 
anticipated that the experimental data shall provide the information required to quantify 
the observed qualitative effects on the VCD of the novel compounds chosen for this 
study.  Using a computation nuclear magnetic resonance (NMR) package [16], it is 
anticipated one can discern and correlate the observed changes in the 1H and 13C NMR 
chemical shifts of selected compounds.  Finally, we investigate the instrumental 
parameters associated with conducting VCD measurements.  Results shall be tabulated to 
determine what if any effect the instrumental parameters have on spectral quality. 
  It is appropriate to devote a few paragraphs describing the analytical 
measurement technique and the required hardware utilized to measure optically (at least 
80 %) pure compounds along with a few related applications.  Infrared VCD represents a 
dynamic spectroscopic technique, which permits the determination of molecular 
conformations, configurations and the study of electronic interactions and molecular 
vibrational transitions.  The VCD is a consequence of the chiroptical activity and 
involves the study of differential interactions of the circularly polarized light passing 
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through optically active natural products.  The observed circular-polarization differential 
absorbance also termed “VCD intensity” is defined as:  
                    ΔA = AL-AR = -Log10 [IR/IL]   equation 3       
where AL and AR denote left and right circularly polarized light, A  is absorbance and   IR 
,  IL  are illustrative of single beam intensity at the detector for left and right circularly 
polarized light respectively.  From application of Lambert-Beer Law the expression 
“change in absorbance” (ΔA) is transformed into “change in energy” (ΔE).  Thus: 
                                 ΔE = 1/(cl) x ΔA    equation 12      
where c represents analyte concentration and l is the cell pathlength.  Operationally, light 
transmitted from a hot infrared source is focused, passed through a band-pass cut-off 
filter then transmitted into the optics of a PEM where it is converted into alternating left 
and right circularly polarized light.  Resulting circularly polarized light emerging from 
the PEM after passing through the sample is again focused, then measured at the infrared 
detector.  The detection process is followed by signal processing using lock-in 
amplification then ratio of resulting AC to DC intensity signals.  The result is both an 
infrared spectrum of the AC signal and the corresponding VCD spectrum produced from 
the intensity ratio of the AC to DC signals.  A diagram illustrating the optical layout for a 
dispersive system follows (Figure 4-9) [1]. 
 Verified through literature review, this dissertation presents various never before 
synthesized compounds envisioned for which VCD is applicable.  Applying purely 
experimentation, we demonstrate the VCD techniques’ utility by evaluating the spectral 
results from the measured compounds.  Spectra for the measured compounds are 
compared and evaluated based on functional group modifications.  The environmental    
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  Figure 4-9.  Block schematic depicting a dispersive VCD setup usually employed in 
the laboratory. [1] [Taken from “Introduction to Modern Vibrational Spectroscopy, M. Diem, Wiley 
and Sons, New York, (1993), pp240”] 
 
 
  changes at and around the chiral center are also interpreted through the recorded 
VCD spectra.    
 During the past quarter century, the application of asymmetric induction via the 
use of chiral auxiliaries to achieve absolute stereochemical control has blossomed to a 
phenomenal extent.  In this quest, the chiral auxiliaries composed of the cyclohexane- 
type intermediates are finding ever-increasing applications [17,18,19].  The most popular 
chiral auxiliary belonging to the cyclohexane-type agents has been the inexpensive 1S 2R 
5R (+) and (-) menthol.  It has been used to prepare optically active -hydroxy carboxylic 
acid [20].  It has also found application as a template in the synthesis of optically pure 
substituted β- lactams via carbonylation of the racemic azridines with [(CO)2RhCl2] in 
the presence of (-)-menthol [21].  It has been reported that the in situ prepared organotin 
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reagents “add to the keto group of (-)-menthol phenylglyoxalate with a high degree of 
diastereoselectivity” [22].  The chiral menthol moiety has been incorporated into dienes 
and the dienophiles, which have been used successfully in the Diels-Alder reaction [23-
26].  The stereoselectivity of various chiral auxiliaries in the Diels-Alder reaction have 
been examined in detail [27].  These chiral intermediates have also been reacted with 
Grignard reagents [28].  
 In a great majority of the asymmetric induction reactions, it is the chiral entity 
that controls the stereochemical course and the outcome of the reaction products.  It is 
worth noting that the most popular substrate attached to the menthol auxiliary is the 
carboxylic ester moiety, for it permits further elaboration of the chiral products and the 
facile removal of the chiral appendage once the objective of the asymmetric induction is 
accomplished.  There are not many examples of the use of the active methylene moiety of 
the appendage attached to the menthyl molecule.  In one case, the active methylene 
moiety has been brominated with N-bromosuccinimide [29, 30].  In another case, the 
active methylene moiety flanked by C=O and Br entities has been in the Reformatsky 
reaction to furnish α and β-hydroxy acids [31].  Ascertainable from the search of 
published literature, afore described active methylene moiety has not been used in aldol 
condensation reactions.  In the present study, the menthyl chiral intermediate carrying an 
active methylene moiety has been subjected to microwave initiated aldol condensation 
with substituted benzaldehydes to study how the changes in molecular arrangement 
would affect VCD of the chiral molecule.  This expectation was based on the 
understanding that chirality is subject to changes in the molecular environment [1, 2]. 
Prospectively, in our experimentation, to obtain additional support for this contention, the 
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molecular environment around the chromophore, namely the carbonyl group, has been 
modified and the resultant changes in the vibrational circular dichroism of the compounds 
have been examined.  
 Microwave Catalyzed Aldol Condensations are used throughout the synthetic 
processes applied towards chromophore modification.  It is the in situ generated electrical 
energy from the microwaves, which thermally catalyze the chemical reaction.  This type 
of energy transfer depends on the nature and properties of the reacting molecules [32]. 
Since the advent of commercially available microwave cookers, the microwave thermal 
process is finding increasing and interesting applications in synthetic organic chemistry 
[33].  The popularity of the microwave-induced chemistry appears to rest primarily on its 
dramatic reduction of the reaction time and the possibility of carrying out reactions in the 
solid phase.  The latter appears to have significantly contributed to its enhanced usage.   
 An advantage of the VCD is that the VCD spectrum contains more transitions 
than CD, which often furnish interesting and useful information on the stereochemistry of 
the molecule under examination [34, 35].  Theoretically, a molecule of N atoms exhibits 
3N-6 degrees of vibrational transition bands corresponding to its excited vibrational 
electronic states.  An interesting aspect of the excited states lies in the fact that such an 
excited state appearing as an absorption band can be theoretically calculated [36-38].  
This permits the verification of the experimental results with the expected value.  To be 
VCD active, a molecule does not have to have chromophore but must have a stereo 
center.  All optically active compounds are VCD active.  VCD also enables the study of 
stereochemistry of the molecule in solution.  A detailed discussion of the theoretical 
aspects of the VCD has recently appeared [39a].  
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 An advantage of VCD is that the spectra contain more transitions, which often 
furnish interesting and useful information on the stereochemistry of the molecule under 
investigation [39b, c].  Of the different applications of the modified CD spectroscopy, 
two aspects, namely vibrational and excitation CD, have attracted considerable interest.  
Recently, excitation chirality CD has been used successfully in the study of the absolute 
configurations and conformations of compounds in solution [40].  It is known that “when 
two (or more) groups are located in space and constitute a chiral system, their electronic 
transition interact spatially---. --- the result is reflected in the UV-VIS and CD 
spectra.”[41].  That two chromophore attached to a chiral molecule interact to produce an 
intensely coupled CD has been well documented in the pioneering work of Nakanishi and 
co-workers [42].  This interaction appears to persist even though the chromophores are 
not situated in the same molecule.  This has been documented in the studies of the CD 
excitation chirality directed at the determination of absolute conformation of cyclic and 
acyclic allylic alcohols [43].  In the case of allylic benzoates, Π → Π*, the LR transition 
interacts with the double bond Π → Π* allowed (195 nm) to give a negative Cotton effect 
in the LR band region.  It has been shown that the excited amplitude is inversely 
proportional to the inter-chromophoreic distance [44a, b]. 
  However, it must be stated that VCD has not received as much attention as 
excitation CD.  One reason for this might be the fact that VCD transitions give rise to 
very complex bands.  Nonetheless, the vibrational circular dichroism spectra of α-
phenylethylamine; α-phenylmethylamine, and 2,2,2- trifluoro methylphenylethanol have 
been recorded [45a-c].  A detailed discussion of the synthesis, experimental and ab initio 
theoretical vibrational CD and absolute configuration of the substituted oxiranes and 
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thiiranes can be found in three elegant studies [46a-c].  Vibrational circular dichroism has 
been shown to provide new approaches to defining three dimensional structures of 
asymmetric molecules with the aid of infrared absorption [47a-c].  Computer programs 
for predicting theoretical VCD spectra are commercially available [48].  Successful 
correlation between the theoretical predictions and the experimental data of VCD spectra 
for trans-2,3-dimethylthiirane and its deuterated analogs has been reported using the  
approach [46c]. 
 The chiral sulfinate esters of menthol have been employed as intermediates in the 
synthesis of chiral substituted sulfoxides.  It is interesting to note that the chiral 
sulfoxides have been described as “inherently dissymmetric chromophores” [46a].  The 
sulfoxide transition in dissymmetric dialkylsulfoxides is presumed only weakly perturbed 
by the alkyl groups and the chromophore is therefore essentially symmetric and the same 
is true of the symmetrical dissymmetric sulfoxides containing unsymmetrically 
substituted aryl residues.  The rotational transition in both cases can be “assumed to be 
small.”  In contrast, there exists presence of strong coupling between the local benzene Π 
→ Π* and sulfoxide η → Π* excitation [47a].  The absolute chirality of the inherent 
dissymmetric chromophore is expressed in the sign of the relevant Cotton effect.  The 
statement that the “Cotton effect is not greatly modified by minor variation of the basic 
chromophore such as branching of the alkyl side chain” implies that there is a 
relationship between the effects of conformation and configurations on the sign and 
magnitude of the Cotton effects [47a].  The following data offered by Anderson (Table 4-
1) illustrates this position: 
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Table 4-1.  Illustrating Optically Active of Substituted Sulfinate Ester. 
S
O
p-C6H4CH3
OC10H19
 R.D. (C= 0.125, EtOH, 25º  [Ø]695 –495° 
        [Ø]588 –754° 
        [Ø]274 –14,400° 
        [Ø]270 –3630° 
  
 
This chapter of the dissertation determines, for the first time, the optical rotation and the 
molecular VCD spectrum over the 2000 cm-1 to 800 cm-1 wavenumber region for several 
newly synthesized compounds.  Through the experimental measurement of the prepared 
compounds, we demonstrate that VCD is a valuable tool for probing the cause and effects 
associating various functional groups bonded to α or β extension of the ester linkage 
extending from the chiral center of the molecule.  VCD is applied in an attempt to 
determine if “minor variations in a molecule’s structure such as branching of an alkyl 
side chain” demonstrate a relation between the effects of conformation, configuration and 
VCD intensity and sign.  The comparative examination and analysis involve a series of 
compounds having the same basic backbone, yet containing a variety of functional 
groups.  Modifications are effected at the same location, 3 and 4 position of the phenyl, 
β-position of the vinylic group as well as the presence and absence of the cyano group at 
the α-position.  In view of the above cited observations that only chromophores with 
known direction of electronic transition moments have found application in the excitation 
CD studies, it was considered interesting to see whether chromophores such as acetates of 
the chiral hydroxyl group produce any useful vibrational CD effects.  The present 
Strongly negative Cotton Effect 
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investigation also examines the effect of the substituents on the chiral center relative to 
1H- and 13C chemical shifts in the NMR and compares the values obtained from 
simulated NMR spectra [16].  Comparison of an unrelated class of compounds is 
undertaken.  Three researcher groups have published the IR and VCD spectra of 
camphor, 3-bromocamphor, and epi-camphor [47a-c].  Recorded VCD spectra for these 
compounds in dilute solutions were presented over the 4000 to 2500 cm-1 region.  We 
thought it useful, if just for general observation, to measure and compare the VCD 
spectra for this class of compounds.  Our measurements for this series of compounds are 
over the 2000 to 900 cm-1 region.  When possible, our results are compared with 
available literature values.  Key features of the spectrum for each compound measured 
are emphasized.  In addition, these compounds were also synthesized to investigate the 
speculation that the cyclopropyl moiety resembles the vinyl moiety relevant to their 
electron influence.  In view of the fact that many naturally occurring compounds contain 
the cyclopropyl group and the inherent interesting properties associated with the highly 
strained ring system, the chemistry of the cyclopropanoids has received considerable 
attention [48a-d].  Its presence in a compound manifests unusual and unique chemical, 
physical and spectrometric properties.  It is often stated that the cyclopropyl ring usually 
behaves as a carbon-carbon double bond [49a-c].  The above observation is supported by 
NMR evidence that better agreement between experimental and calculated shifts using 
carbon-carbon bond anisotropy [50].  It is also reported that cyclopropyl and vinyl groups 
interact with neighboring π-electron systems [51a-b].  The close similarity of bonding in 
the – C = C – system and cyclopropane is frequently cited while discussing the chemistry 
of the cyclopropanoids.  In fact, they are often referred to as two “equivalent systems” 
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and transformed mathematically into one another.  Like the vinylic C – H bond, the 
cyclopropyl C – H bonds are shorter than the C – H bond of the alkanes.  The 13C – H 
NMR coupling constants also reveal a similar observation [50].    
 
4.2  Synthesis of Compounds Used in this Study  
 
Menthyl p-tolylsulfinate, (+)- and (-)-methyl tolyl sulfoxides were purchased from 
Aldrich Chemical Company.  (+)- and (-)-methyl phenyl sulfoxides were a gift from 
Professor G. H. Posner, Johns Hopkins University.  The remaining compounds used in 
this study were synthesized as described.  Dr. Lou Reif measured the specific rotations of 
many of these new compounds.  Mike Lochner ran the routine FTIR spectra and Dennis 
Rohrbaugh kindly carried out the GC-MS analyses.  It is a great personal pleasure to 
acknowledge their help.  Menthyl acrylate (1) and menthyl cyanoacetate (2) serve as the 
primary compounds and were prepared from (-)-menthol (3), acryloyl chloride (4) and 
cyanoacetic acid (5), respectively as described below.  The structures of the various 
compounds are presented in Figures 4-10 to 4-13, while their IR and VCD spectra  
experimentally measured are given in Figures 4-14 to 4-33.  For a select set of 
compounds, the major mass spectral fragmentations are presented Table 4-2. 
  Many of compounds along with their structure and corresponding specific 
rotations are listed Table 4-3.  The compounds thus synthesized include: (-)-menthyl 
acrylate (1), (-)-menthyl cyanoacetate (2), (-)-menthyl trans-cinnamate (6), (-)-menthyl 
cis-cinnamate (7), (-)-menthyl [α-cyano-β-phenylacrylate] (8),  (-)-menthyl α-cyano-β-(o-
fluorophenyl)]acrylate (9), (-)-menthyl α-cyano-β-(o-trifluoromethyl-phenyl)]acrylate  
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Table 4-2.  Mass Spectral Fragmentation of Compounds Prepared or  
Cited in the Text. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1). Menthyl cinnamate (6): M+ =286,149 (M – C6H5); 138 (C10H18 100%); 131 (C9H7O, 
99%); 123 (C9H15); 103 (131 - CO); 95 (C7H11); 81 (C6H9); 77 (C9H5); 69 (C5H9) and 55 
(C4H7). 
 
2). Menthyl chlorocinnamate (*): M+ =320 (322,37Cl-isotope); 284 (M - HCl); 207 (284 
- C6H5); 182 ( 320 - C10H18); 165 (C9H6CIO); 146 (284 - C10H18); 138 (C10H18; 100%); 123 
(C9H15); 102 (C8H6); 95 (C7H11); 81 (C6H9); 69 (C5H9) and 55 (C4H7). 
 
3). Menthyl-4-pentenoate (31): M+ =239 (M+l), 223 (M - CH3); 196 (M - C3H6); 138 
(C10H18, 100%); 123 (138 – (CH3); 109 (C8H13); 95 (138 - C3H7); 83 (C6H11, 99%); 69 
(C5H9) and 55 (C4H7, 94 % ). 
 
4). Menthyl cyanoacetate (2): M+ = 197, 196 (M - H); 138 (C10H18, 100%); 123 (138 
CH3); 109 (138 – C2H5; 95 (138 – C3H7, 100%); 83 (C6H11); 81 (C6H9); 68 (C5H8); 
67 (C5H7); and 55 (C4H7). 
 
5). Menthyl benzylidenecyanoacetate (8): M+ =311 (M - C2H5); 156 (C10H20O); 138 
(C10H18, 100%); 123 (C9H15); 95 (C7H11); 81 (C6H9) and 55 (C4H7). 
 
6). Menthyl bromooacetate (13): [148] 
 
7). Menthyl 2-fluorobenzylidenecyanoacetate (9): M+ = 329; 281 (M - CO2); 207 
(C13H1903); 174 (FC6H4C4HNO); 146 (FC6H4C3HN); 138 (C10H18, 100%); 126 (146 - HF); 
109 (138 - C2H5); 95 (C7H11); 81 (C6H9); 69 (C5H9) and 55 (C4H7). 
 
8). Menthyl 2-trifluoromethylbenzylidenecyanoacetate (10): M+ = 379; 224 (M- 
C10H19O); 196 (C3HNC6H4CF3); 176 (196 - HF); 138 (C10H18, 100%); 123 (C9H15); 95 
(C7H11, 90%); 81 (C6H9); 69 (CF3); 55 (C4H7) and 41 (C3H5). 
 
9). Menthyl 2-methylbenzylidenecyanoacetate (11): M+ =325, 310 (M - OCH3; 187 
(C4H2N02.C6H4CH3); 170 (187 - OH); 143 (187- CO2; 138 (C10H18,100%); 115 
(C9H7); 95 (C7H11); 81 (C6H9); 69 (C5H9) and 55 (C4H7). 
 
10). Menthyl 2-methoxylbenzylidenecyanoacetate (12): M+ =341, 310 (M - OCH3); 203 (M 
- C10H18); 186 (203 - OH); 172 (310 - C10H18); 159 (203 – CO2; 138 (C10H18, 100%); 123 
(138 - CH13; 95 (C7H11); 81 (C6H9); 69 (C5H9) and 55 (C4H7). 
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Table 4-2a continued from Table 4-2.  Mass Spectral Fragmentation of Compounds 
Prepared or Cited in the Text. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(10), (-)-menthyl α-cyano-β-(o-methyl)phenyl]acrylate (11), (-)-menthyl α-cyano-β-(o-
methoxy)phenyl]acrylate (12) (see Figure 4-10),  (-)-menthyl-bromoacetate (13), (-)-
menthyl-chloridate (14), (-)-menthyl-acetate (15),  (-)-menthyl-methyl-acetate (16), (-)-
menthyl methylaceto-carbonate (17), (-)-menthyl-cyclo-propanoate (18), 
 (-)-menthyl-cyclo-butanoate (19), (-)-menthyl-cyclo-pentanoate (20) (see Figure 4-11), 
(R)-2-bromo-camphor(22), thio-camphor (26), fenchone-oxime (27), fenchylidene-
nitramide (28) (see Figure 4-12).  Solid samples were purified by either column 
chromatography or by sublimation under vacuum whenever possible.  All other 
compounds were purified by distillation under reduced pressure.  Prepared and purchased 
11). Menthyl 4-nitrobenzylidenecyanoacetate (*): M+ =356 (not seen), 355 (M - H); 339 
(355 - O); 309 (339 - NO); 281 (309 - CO); 219 (M - C10H17); 201 [(COC(CN)CH. 
C6H4N02)]; 174 (201- HCN); 155 [M - (COCCN(C6H4N02)]; 138 (C10H15, 100%); 123 
(C10H18 – CH3; 109 (C10H18 – C2H5).; 95 (138 – C3H7, 98%); 81 (C6H9); 69 (C5H9); 55 
(C4H7) and 41 (C3H5). 
12). Menthyl 4-trifluoromethylbenzylidenecyanoacetate (*): M+ =379, 360 (M - F); 224 
(C3NOC6H4CF3); 196 (224 - CO); 176 (196 - HF); 138 (C10H15 100%); 123 (138 - CH3); 
109 (138 - C2H5); 95 (C7H11, 90%); 81 (C6H9); 69 (CF3); 55 (C4H7) and 41 (C3H5). 
 
13). Menthyl4-methylbenzylidenecyanoacetate (*): M+ = 325, 207 (C13H19O2; 170 (M 
C10H19O); 138 (C10H18, 100%); 115 (C9H7); 95 (C7H11, 90%); 81 (C6H9 ); 69 (CF3);55 
(C4H7) and 41 (C3H 5). 
 
* Indicates compounds not measured by vibrational circular dichroism 
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compounds were measured and their reference numbers are presented in Figures 4-10 to 
4-13. Mass spectroscopy data for a selected number of compounds is provided as Table 
4-2.  
 
Synthesis of (-)-Menthyl acrylate (1, cf. Figure 4-10), To a stirred solution of (-)-
menthol (2, 3.12g 0.02mole) and pyridine (1.4 g., 0.02 mol) in anhydrous ether (15 mL), 
was added drop-wise a solution of acryloyl chloride (4, 0.20 g, 0.022 mole) in dry 
dichloromethane (10 ml) at 0°C and under nitrogen.  After the addition was over, the 
reaction mixture was stirred overnight at room temperature.  The reaction was filtered to 
remove the precipitated pyridine chloride; the filtrate was successively treated with dilute 
hydrochloric acid (HCl), saturate solution of sodium bicarbonate, water, saturated 
solution of sodium sulfate, dried over anhydrous sodium sulfate and the solvent removed 
under reduced pressure to yield the crude product. The thin layer chromatographic 
analysis using solvent system composed of hexane and ether (7:3) showed it to consist 
primarily of one homogeneous compound.  After the removal of the solvent under 
reduced pressure, crude menthyl acrylate (1) was obtained (87.8%).  The crude product 
was purified by vacuum distillation and characterized by its GC-MS (M+-223). 
 
 
 
 
 
 
 
 
168 
Table 4-3.  Optical Rotation Measurements; Sodium, Mercury and other band lines, 
Specific Rotation along with selected chemical Structure for Compounds used in 
this study. 
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 99.053 -0.947 -76.37
578 99.011 -0.989 -79.76
546 98.884 -1.116 -90
436 98.185 -1.815 -146.37
365 97.465 -2.435 -204.44
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 99.68 -0.32 -71.11
578 99.673 -0.327 -72.67
546 99.627 -0.373 -82.89
436 99.381 -0.619 -132.56
365 99.087 -0.911 -202.44
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 99.663 -0.37 -61.5
578 99.644 -0.356 -64.96
546 99.506 -0.404 -73.72
436 99.363 -0.637 -116.24
365 opaque
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 99.495 -0.505 -82.52
578 99.478 -0.522 -85.29
546 99.402 -0.598 -97.71
436 98.964 1.036 -169.28
365 opaque
O
O
C
N
C20H25NO2
Exact Mass: 311.19
Mol. Wt.: 311.42
C, 77.14; H, 8.09; N, 4.50; O, 10.28
O
O
C
N
C20H25NO2
Exact Mass: 311.19
Mol. Wt.: 311.42
C, 77.14; H, 8.09; N, 4.50; O, 10.28
F
O
O
C
N
O
C21H27NO3
Exact Mass: 341.20
Mol. Wt.: 341.44
C, 73.87; H, 7.97; N, 4.10; O, 14.06
O
O
C
N
C21H27NO2
Exact Mass: 325.20
Mol. Wt.: 325.44
C, 77.50; H, 8.36; N, 4.30; O, 9.83
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 Table 4-3a.  Continued Optical Rotation Measurements . 
 
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 -71.81
578 -74.41
546 -85.03
436 -152.63
365 -266.92
O
O
C
N
C20H24F3NO2
Exact Mass: 367.18
Mol. Wt.: 367.41
C, 65.38; H, 6.58; F, 15.51; N, 3.81; O, 8.71
F
F
F
 
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 99.23 -0.77 -79.06
578 99.2 -0.8 -82.14
546 99.094 -0.906 -93.02
436 98.49 -1.51 155.03
365 97.733 -2.287 232.75
Band Line (NM) Monochrometer Absorption Rotation 
nm  Value a Value (nm)
589 -0.778 -60.97
578 -0.814 63.97
546 -0.92 72.1
436 -0.542 120.85
365
O
O
C
N
C13H21NO2
Exact Mass: 223.16
Mol. Wt.: 223.31
C, 69.92; H, 9.48; N, 6.27; O, 14.33
O
O
CH2Br
C13H23BrO2
Exact Mass: 290.09
Mol. Wt.: 291.22
C, 53.61; H, 7.96; Br, 27.44; O, 10.99
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Cl
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CN
1: (-)-Menthyl acrylate 3:
4:
2: (-)-Menthyl cyanoacetate
Cl
O
5:
H
H O
O
H
6: (-)-Menthyl-trans-[   -phenylacrylate]
-
β 
 7: (-)-Menthyl-cis-cinnamate
-
H
or (-)-Menthyl trans-cinnamate
O
O
HC
CN O
O
HC
CN
F
-
O
O
HC
CN
CF3 -
O
O
HC
CN
CH3
-
O
O
HC
CN
OCH3
8: (-)-Menthyl-[   -cyano-   -phenylacrylate]β 
 
α 
 
9:(-)-Menthyl-[   -cyano-   -(o-flourophenyl)]acrylateβ 
 
α 
 
10:(-)-Menthyl-[   -cyano-   -(o-triflouro
phenyl)]acrylate
β 
 
α 
 11:(-)-Menthyl-[   -cyano-   -(o-flourophenyl)]acrylateβ 
 
α 
 
12:(-)-Menthyl-[   -cyano-   -(o-flourophenyl)]acrylateβ 
 
α 
 
 
Figure 4-10.  Structures of Novel Chiral Acrylates Synthesized. 
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Figure 4-11.  Chiral Acyclic- and Cyclic-ester. Compounds without numbers have 
pending VCD results. 
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Fig. 4-12.  Camphor and related Functionalities 
 
(A) Synthesis of (-)-Menthyl cyanoacetate (2, cf. Figure 4-10) CAS# 4835-96-5:  To a 
solution of (-)-menthol (2, 1.56g, 0.01 mole) in dry pentane (20mL) in a three-necked 
round bottom flask equipped with two pressure equalizer dropping funnels and a reflux 
condenser carrying a nitrogen in-let attachment, a solution of stochiometeric amounts of 
n-butyllithium (2M in pentane) was added drop-wise with stirring at –80 °C.  After the 
addition was over, the reaction was stirred for an additional hour at –80C and treated 
drop-wise with a solution of ethyl cyanoacetate (1.13g 0.01mole) in dry pentane (5 ml). 
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The reaction was stirred for 2 hrs at –80 °C and overnight at ambient temperature and 
processed as usual to furnish the desired compound (2) in low yields [51d]  
 
(B) Synthesis of (-)-Menthyl cyanoacetate (2):  Since the previous preparation gave 
poor yields of desired product, another method was developed.  To a stirred solution of (-
)-menthol (3, 3.12g 0.02mole) and cyanoacetic acid (5, 1.7g, 0.02 mole) in dry 
dichloromethane (80ml), was added at 0°C and under nitrogen 1,3-
dicyclohexylcarbodiimide (DCC) (12g , 0.02 mole) in small portions over 60 minutes.  
After the addition was over, reaction mixture was stirred for two hours and left overnight 
in the refrigerator.  The precipitate of dicyclohexylurea was filtered off, and the filtrate 
was successively washed with a saturated solution of sodium bicarbonate, water, a 
saturated solution of brine and dried over anhydrous sodium sulfate.  After removing the 
solvent under reduce pressure, menthyl cyanoacetate (2) was obtained (in 84.7%, m.p.83-
83°C).  The product was characterized by GC-MS (r.t. 9.94 min, M+-197) [51d]. 
 
Synthesis of (-)-Menthyl (β-phenyl)acrylate or [(-)-menthyl cinnamate] (6, Fig. 10) 
CAS#5033-95-4:  To a stirred solution of (-)-menthol (2, 1.5g., 0.01 mol) and pyridine 
(0.7 g., 0.01 mol) in anhydrous ether (15 mL), was added drop-wise a solution of 
cinnamoyl chloride (1.66g, 0.01 mole) in dry ether (10mL) at 0° C with stirring and 
under nitrogen.  After the addition was over, the reaction mixture was stirred overnight at 
room temperature.  The reaction was filtered to remove the precipitated pyridine chloride; 
the filtrate was successfully treated with dilute HCl, a saturate solution of sodium 
bicarbonate, water, saturated solution of sodium sulfate, dried over anhydrous sodium 
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sulfate and the solvent removed under reduced pressure to yield the crude product.  The 
thin layer chromatographic analysis using solvent system composed of hexane and ether 
(7:3) showed it to consist of three compounds, namely the unreacted menthol and two 
other compounds.  The crude mixture was transferred to a vacuum sublimator and 
compound 2 was removed by heating the mixture around 60 ~70 °C at 2mm Hg.  The 
GC-MS analysis permitted the characterization of these two compounds as:  trans-(-)-
menthyl cinnamate (6, r.t = 14.27 min, 99.5%, M+=286) and cis-(-)-menthyl cinnamate 
(7, r.t=15.14 min , 0.2%, M+320;322 37Cl-istope) [51e]. 
 
(A) Synthesis of (-)-Menthyl [α-cyano-β-(phenyl)]acrylate (8):  A Mixture of (-)-
menthyl cyanoacetate (2, 0.020g, 0.001mole), stochiometeric amounts of benzaldehyde 
and freshly prepared activated aluminum oxide pellet powder (10 mg) contained in a 5ml 
round bottom flask carrying a glass stopper was intimately mixed with the aid of a vibro-
mixture for 5 minutes. Then it was placed in a household Panasonic TM microwave oven 
and heated for 30 seconds at power level 7.  The mixture was heated an additional time 
for 30 seconds.  Then, the reaction mixture was cooled to ambient temperature, taken up 
in dichloromethane and filtered over a short column of silica to give the desired product 
(15%).  Newly prepared compound using Cativiela's approach [51f]. 
 
(B) Synthesis of (-)-Menthyl [α-cyano-β-(phenyl)]acrylate (8):  Since the yields of the 
above reaction were not satisfactory, the above reaction was repeated except that a couple 
of drops of pyridine were added instead of the activated aluminum oxide pellets and the 
mixture was heated in an oil bath at 100°C for 2 hours with stirring and under nitrogen. 
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The cooled reaction mixture was taken up in dichloromethane and successively treated 
with dilute HCl, water, saturated sodium chloride and dried over anhydrous sodium 
sulfate.  After the removal of the solvent under reduced pressure, the residue was 
chromatographed over silica using the solvent system composed of hexane and 
dichloromethane (7:3) and the expected product (12. 0 mg) was identified by GS-MS [r.t. 
= 15.82 min. M+ = 311; αD = - 76.4 ° (c= 1.24 @ 25° C, ethanol)]. Newly prepared 
compounds were done so using Cativiela's approach [51f]. 
 
Synthesis of (-)-Menthyl [α-cyano-β-(o-fluorophenyl)]acrylate (9):  To a mixture of   
(-)-methyl cyanoacetate (2, 0.02g, 0.001mole) and stochiometeric amounts of o-
fluorobenzadehyde, a couple drops of dry pyridine were added and the mixture 
thoroughly mixed with the aid of the vibromixer and then heated in an oil bath at 100° C 
for 2 hours with stirring and under nitrogen.  The cooled reaction mixture was taken up in 
dichloromethane and successively treated with dilute HCl, water, saturated sodium 
chloride and dried over anhydrous sodium sulfate.  After removal of the solvent under 
reduced pressure, the residue was chromatographed over silica using the solvent system 
composed of hexane and dichloromethane (7:3) and the desired product (11 mg) was 
identified by GC-MS (9, r.t. = 15.2 min, M+ =329, and  [α]D  =  - 77.1˚, [c = 0.45 @ 
20°C, ethanol]). Newly prepared compound were done so using Cativiela's approach 
[51f]. 
The following analogous compounds were similarly synthesized: 
(-)-Menthyl [α-cyano-β-(o-trifluoromethylphenyl)]acrylate, (10, r.t. = 14.33 min, M+ 
= 379). Newly prepared compound done so using Cativiela's approach [51f]. 
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(-)-Menthyl [α-cyano-β -(o-methylphenyl)]acrylate, (11, r.t. = 12.9 min, M+ =325, [α]D  
=  - 82.5˚ , [c = 0.61 @ 20°C, ethanol]). For newly prepared compound Cativiela's 
approach is used [51f]. 
(-)-Menthyl [α-cyano-β-(o-methoxylphenyl)]acrylate, (12, r.t. = 18.08 min, M+ =341, 
[α]D  = - 61.5˚, [c = 0.55 @ 20°C, ethanol]). For newly prepared compound Cativiela's 
approach is applied [51f]. 
 
For comparison purposes, several (-)-menthylalkanoates (cf. Figure 4-11) were prepared 
in the usual manner.  The preparation of compounds 1 and 2 has been described earlier 
(cf. Figure 4-10).   
 
Synthesis of (-)-Menthyl acetate (15) CAS# 89-48-5:  To a solution of (-)-menthol (2, 
1.56g, 0.01 mole) and pyridine (0.9g, 0.012 mole) in anhydrous ether (15 ml) was added 
drop-wise a solution of acetyl chloride (094 g, 0.012mol) in dry ether (10 ml), at 0° with 
stirring and under nitrogen.  After the addition was over, the reaction mixture was stirred 
overnight at room temperature.  The reaction was filtered to remove the precipitated 
pyridinium chloride; the filtrate was successively treated with dilute HCl, saturated 
solution of sodium bicarbonate, water, saturated solution of sodium chloride, dried over 
anhydrous Na2SO4, and solvent removed under reduced pressure to yield the crude 
product.  The thin layer chromatographic analysis using the solvent system composed of 
hexane and ether (7:3) showed it to consist of a single compound.  The crude residue was 
purified via molecular distillation and analyzed by GC-MS [51g]. 
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Synthesis of (-)-Menthyl bromoacetate (13):  To a solution of (-)-menthol (2, 1.56g, 
0.01 mole) and pyridine (0.79g, 0.01 mole) in anhydrous ether (15mL) was added drop-
wise a solution of bromoacetyl chloride (3.06g, 0.01mol) in dry ether (10 mL), at 0° with 
stirring and under nitrogen.  After the addition was over, the reaction mixture was stirred 
overnight at room temperature.  The reaction was filtered to remove the precipitated 
pyridinium chloride, the filtrate was successively treated with dilute HCl, a saturate 
solution of sodium bicarbonate, water, saturated solution of sodium sulfate and the 
solvent removed under reduced pressure to yield the crude product.  The thin layer 
chromatographic analysis using the solvent system composed of hexane and ether (7:3) 
showed it to consist of two compounds, namely the unreacted menthol and the expected 
compound.  The crude mixture was transferred to a vacuum sublimator and compound 2 
was removed by heating the mixture around 60 ~ 70°Cat 2mm Hg.  The GC-MS analysis 
permitted the characterization of menthyl bromoacetate (M+ = 276, Br-isotopic peak is 
observed), 99.2% [51g]. 
 
Synthesis of (-)-Menthyl chloridate (14) CAS# 14602-86-9:  Purchased from Aldrich 
Chemical Company.  
 
Synthesis of (-)-Menthyl propionate (16):  This was prepared similarly except that 
bromoacetyl chloride was replaced with propionyl chloride to give the desired compound.  
It was identified by its GC-MS analysis [51f].   
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Figure 4-14.  Uncorrected VCD experimental spectrum for (1), (-)-menthyl acrylate 
4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1.   Comparison of 
the VCD spectra of menthyl acrylate (figure 4-16) and menthyl cyanoacetate (figure 
4-15) shows that the carbon-carbon double bond of menthyl acrylate and carbon-
nitrogen triple bond exert similar influence on the absorption of the C=O group. 
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Figure 4-15.  Uncorrected VCD experimental spectrum for (2), (-)-menthyl 
cyanoacetate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
The absorption effect of the C-N group is very similar to the cinnamoyl moiety 
(CH=CH-C6H5) in figure 4-16. 
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Figure 4-16.  Uncorrected VCD experimental spectrum for (6), (-)-menthyl trans-
cinnamate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
Comparison of the VCD spectra of menthyl acrylate (figure 4-16) and menthyl 
cyanoacetate (figure 4-15) shows that the carbon-carbon double bond of menthyl 
acrylate and carbon-nitrogen triple bond exert similar influence on the absorption 
of the C=O group. 
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Figure 4-17.  Uncorrected VCD experimental spectrum for (8), (-)-Menthyl [α-
cyano-β-(phenylacrylate] 4 cm-1 wavenumber resolution across the region 900 to 
2000 cm-1. 
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Figure 4-18.  Uncorrected VCD experimental spectrum for (9), (-)-Menthyl [α-
cyano-β-(o-fluorophenyl)] acrylate 4 cm-1 wavenumber resolution across the region 
900 to 2000 cm-1. 
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Figure 4-19.  Uncorrected VCD experimental spectrum for (10), (-)-Menthyl [α-
cyano-β-(o-trifluoromethylphenyl)] acrylate 4 cm-1 wavenumber resolution across 
the region 900 to 2000 cm-1. 
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Figure 4-20.  Uncorrected VCD experimental spectrum for (11), (-)-Menthyl [α-
cyano-β-(o-methyl) phenyl] acrylate 4 cm-1 wavenumber resolution across the region 
900 to 2000 cm-1. 
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Figure 4-21.  Uncorrected VCD experimental spectrum for (12), (-)-Menthyl [α-
cyano-β-(o-methoxy) phenyl] acrylate 4 cm-1 wavenumber resolution across the 
region 900 to 2000 cm-1. 
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Figure 4- 22.  Uncorrected VCD experimental spectrum for (13), (-)-Menthyl- 
bromoacetate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
The comparison of the VCD spectra of cyano acetate (figure 4-15) and of 
menthyl bromoacetate (figure 4-22) shows caomparable effects of the electron 
withdrawing groups, namely C-N (1747 cn-1) and Br (1732cm-1) groups. 
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Figure 4-23.  Uncorrected VCD experimental spectrum for (14), (-)-Menthyl- 
chloridate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. VCD 
spectrum is expanded in the y-direction to enhance the minor bands. 
The poorly resolved VCD spectrum maybe due to the fact that the compound 
is not too stable above room temperature. 
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Figure 4-24.  Uncorrected VCD experimental spectrum for (15), (-)-Menthyl-acetate   
4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. VCD spectrum is 
expanded in the y-direction to enhance the minor bands. 
When the electronegative entity Br of figure 4-22 is replaced by H, the C=O 
absorption frequency shows a dramatic shift to higher frequency. A similar effect is 
observed when Br is replaced by CH3 (figure 4-25).  Also noticeable in the sign of 
rotation. While figure 4-22 shows negative sign, figure 4-24 and 4-25 show the 
opposie sign. 
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Figure 4-25.  Uncorrected VCD experimental spectrum for (16), (-)-Menthyl-
methyl-acetate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
VCD spectrum is expanded in the y-direction to enhance the minor bands. 
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Figure 4-26.  Uncorrected VCD experimental spectrum for (17), (-)-Menthyl- 3-
oxobutanoate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
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Figure 4-27.  Uncorrected VCD experimental spectrum for (18), (-)-Menthyl-cyclo-
propanoate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. 
Change in size of the ring attached to the C=O group is increased from 
cyclopropyl (1734 cm-1) to cyclobutyl (1728 cm-1)  to cyclopentyl (1726 cm-1), the 
absorption frequency seems to be unaffected. (c.f. figures 4-27, figure 4-28 and 
figure 4-29). 
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Figure 4-28.  Uncorrected VCD experimental spectrum for (19), (-)-Menthyl-cyclo-
butanoate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. VCD 
spectrum is expanded in the y-direction to enhance the minor bands. 
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Figure 4-29.  Uncorrected VCD experimental spectrum for (20), (-)-Menthyl-cyclo-
pentanoate 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. VCD 
spectrum is expanded in the y-direction to enhance the minor bands. 
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Figure 4-30.  Uncorrected VCD experimental spectrum for (22), (R)-2-Bromo-
camphor 4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. VCD 
spectrum is expanded in the y-direction to enhance the minor bands. 
 
 
 
0
15
30
45
60
75
Tr
an
sm
itt
an
ce
IR
`
R-2-Bromo-Camphor
O
Br
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
90011001300150017001900
wavenumber
IR
Δ
A1
05
Δ
A
10
5
0.0002
0.0004
0.0006
0.0008
0.001
0.0012
IR
195 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-31.  Uncorrected VCD experimental spectrum for (26), Thio-camphor 4 
cm-1 wavenumber resolution across the region 900 to 2000 cm-1.  
The VCD spectra of thiocamphor figure 4-31 and camphor oxime figure 4-32 
though not well resolved appear to be similar both in allure and in sign. 
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Figure 4-32.  Uncorrected VCD experimental spectrum for (27), Fenchone-oxime        
4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1.  
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Figure 4-33.  Uncorrected VCD experimental spectrum for (28), Fenchylidene-
nitramide  4 cm-1 wavenumber resolution across the region 900 to 2000 cm-1. VCD 
spectrum is expanded in the y-direction to enhance the minor bands. 
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To examine the interaction of the carbonyl moiety of the ester group with π- 
electrons of carbon-carbon double bond, three additional unsaturated esters, namely (-)-
menthyl acrylate (1); (-)-menthyl 3-butenoate (29) and (-)-menthyl 4-pentenoate (30) 
were obtained using crotonoyl chloride, 3-butenoic acid and 4-pentenoyl chloride 
respectively (cf. Figure 4-13). 
 
Synthesis of (-)-Menthyl 3-butenoate (29):  The DCC condensation procedure used in 
the synthesis of  (-)-menthyl cyanoacetate (2, cf. Figure 4-10) was employed using 
butenoic acid.  After the usual processing, a pure sample of the desired compound was 
obtained via vacuum distillation and its structure was confirmed via its GC-MS analysis 
[51e]. 
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Figure 4-13. Vinyl Substituted Related Menthyl Compounds 
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Synthesis of (-)-Menthyl 4-pentenenoate (30):  The above procedure was repeated 
except that bromoacetyl chloride was replaced with 4-pentenecarboxyl chloride.  After 
the usual processing, a pure sample of the desired compound was obtained via vacuum 
distillation and the structure of the compound was confirmed via its GC-MS analysis.  
With a view to examine the potential interaction of the azido-moiety with the carbonyl of 
the ester group, two unsuccessful attempts were made to prepare the desired product 
[51e]. 
 
(A) Attempted Synthesis of (-)-Menthyl azidocetate (31):  A mixture of (-)-menthyl 
bromoacetate (4) and sodium azide in ethanol was gently refluxed for six hours, cooled to 
room temperature and filtered.  The filtrate on gas chromatographic analysis showed 
primarily the presence of the starting material. Newly prepared compound obtained in 
poor yield and not measured with VCD [51e]. 
 
(B) Attempted Synthesis of (-)-Menthyl azidoacetate (31):  A mixture of menthyl 
bromoacetate (13) and polymer supported azide in toluene was gently refluxed for six 
hours; the reaction mixture was cooled to room temperature and filtered.  The filtrate on 
gas chromatographic analysis of the reaction product indicated the absence of the 
expected compound and the presence of the starting material only. 
 
This segment, describes the synthesis of methyl cycloalkanoates, the structures of which 
are given in Figure 4-12; namely (-)-menthyl cyclopropylcarboxylate (18); (-)-menthyl 
cyclobutylcarboxylate (19); (-)-menthyl cyclopentylcarboxylate (20) and (-)-menthyl 
200 
adamantyl-carboxylate (33).  These compounds were prepared essentially using the same 
procedure as was employed for the preparation of (-)-menthyl bromoacetate (13, Figure 
4-11), except that bromoacetyl chloride was replaced by cyclopropane carboxyl chloride, 
cyclobutanecarboxyl chloride, cyclopentanecarboxyl chloride, and adamantanecarboxyl 
chloride, respectively.  The latter compounds were procured from the Aldrich Chemical 
Company and used as received.  In the case of (-)-menthyl cyclopropylcarboxylate (18), 
the presence of two isomeric compounds with the same molecular weight as the expected 
compound was detected by GC-MS.  Since their retention times were close to each other, 
their separation using both thin layer chromatography and column chromatography over 
silica were not possible and were used as such.    
 
4.3.  Experimental 
  
Stochiometeric amounts of the respective reagents were mixed in a glass vial or 
five mL joint round bottom flask and stoppered, vigorously shaken on a vibro-mixer and 
heated in the microwave for a specified period.  Other reactions specified in above text 
were heated using and oil bath for a prescribed period.  All reaction mixtures were 
allowed to come to ambient temperature; the cooled product was filtered over cotton 
wool.  The first analysis of all products was GC with thermal conductivity detection or 
flame ionization. Reaction products were then subjected to electron impact and chemical 
ionization mass spectral analysis.  The NMR spectra (1H and 13C) were recorded in 
CDCl3 with tetramethylsilane (TMS) as the internal standard on a Varian VXR-400s 
spectrometer at 100 and 376 MHz, respectively.  VCD and infrared spectra were recorded 
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on a Nicolet model-860 spectrometer as neat material or in carbon tetrachloride (CCl4).  
The analytical instrumentation are described in succeeding paragraphs.  For all VCD 
spectra, the substrates were purified by column chromatography and in some cases by 
liquid chromatography.  Monitoring and verification of the reaction progress and 
completeness were performed either by thin layer chromatography or by gas 
chromatography.  In all cases, all compounds were initially analyzed for reaction 
completeness before purification using a Varian 3400 gas chromatograph equipped with a 
flash vaporization injection port, thermal conductivity, flame ionization detectors and 
internal integrator.  Injection volume was 1 uL in all cases and a J&W (Folsom, CA) 5% 
phenyl 95% methyl polysiloxane (DB-5) column for solution separation.  Separation of 
all reaction products was performed using a temperature program of initial temp 60° C, 1 
min hold, programmed rate 10°C/min, final temperature 240°C held for 3 min.  
Functional group analysis was performed by interpretation of mass, infrared and NMR 
spectroscopy.  
The liquid chromatographic purifications carried out for this study were 
performed using a Waters Millennium system equipped with a 4.6mm i.d. x 150mm 
column.  Reverse phase separation was performed using methanol acetonitrile as the 
mobile phase in a ration of 40/60.  Separation was achieved using a C18 column from 
Phenomenex (Torrance, CA).  Detection was performed with photodiode array (PDA) or 
ultra violet detector.  
The GC-MS analysis was carried out for all compounds used in this study.  All 
solvents were dry and freshly distilled prior to use.  The reactions were carried out in a 
flame-dried, argon gas-purged 10 to 100 ml three-necked flask equipped with a magnetic 
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stirrer, gas inlet-adaptors and a reflux condenser carrying a dry ice/acetone cooled trap.  
The temperature of the coolant passing through the condenser was maintained at -20 °C.  
Mass spectra were obtained on a Finnigan Model TSQ-7000 GC/MS/MS equipped with a 
fused silica 30 m x 0.31 mm. i.d. SE-54 capillary column (J and W Scientific, Rancho 
Cordova, CA) or a the Finnigan Model 5100 GS/MS equipped with a 15m x 0.25 μm i.d 
RTx-5 capillary column (Restek, Bellefonte, PA).  Chromatographic conditions on the 
5100 mass spectrometer (MS) were: oven program 60-270°C at 10°C/min; injection port 
temperature was a constant 210°C, interface temperature 230°C, electro energy 70eV, 
emission current 500mA and scan time is 1 sec.  The conditions for the TSQ-7000 were: 
oven temperature 60-270°C at 15°C/min; injection port temperature was a constant 
220°C, interface temperature 250°C, source temperature 150, electron energy 70eV (EI) 
or 200eV (CI) for emission currents of 400mA (EI) or 300mA (CI) and a scan time of 0.7 
seconds.  Data was obtained in both electron ionization mode (across mass range 45-450 
Daltons) and chemical ionization mode (mass range 60-450 Daltons).  Ultrahigh purity 
methane was used as the CI reagent gas with a source pressure of 0.5 Torr (5100) or 4 
Torr (TSQ-7000).  
The specific rotations were recorded using ethanol as a solvent at ambient 
temperature using a Perkin Elmer 241 polarimeter.  Infrared spectra were obtained with 
either the Mattson Galaxy model 3210 or Jasco model 4000 equipped with a TGS 
detector.  Nicolet model 860 with a Tom Box™  and Mercury Cadmium Telluride (MCT) 
detector was used for VCD measurements.  System description was presented in the 
previous chapter.  Calibration of the VCD instrumentation used the Power Spectrum 
setting of the spectrometer acquisition software during the calibration process.  All VCD 
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measurements were recorded after calibrating the spectrophotometer with CdS (II-IV) 
birefringent plate and second polarizer.  VCD spectrometer system calibration is 
furnished in Figure 4-35.  The power spectrum data collection setting is used to create the 
calibration table.  Two collections are required at 90° polarizer angle differences.  The 
two collections are overlapped and the intersection points used to calibrate (bottom 
picture of Figure 4-35).  For VCD, compound measurements were performed using either 
0.006mm, 0.01mm, 0.05 mm, 0.01mm or 0.012 mm path length and BaF2 or Calcium 
Fluoride (CaF) windows. Liquid samples were measured as molar solution, which were 
prepared in most experiments by weighing between 50 and 200 mg of the compound then 
adding carbon tetrachloride resulting in the desired concentration. For reference, Table 4-
4 identifies compound structure, solution morality, theoretical and experimental infrared 
frequencies and molecular structural computed minimized energy.  
Initial series of compounds chosen for this investigation are similar in structure 
and contain either the acrylate or acetate moiety.  Infrared spectra reveal that this part of 
the molecule gives rise to ester bands in the 1650 to 1800 and 1100 to 1350 cm-1 region.  
A harmonic carbonyl band is also observed in the region of 1600 to 1650 cm-1.    
Solid samples were prepared by intimately mixing 100 mg of dry potassium bromide 
with 1 ~ 2 mg of the respective compound under investigation.  From that mixture 
approximately 45 mg was added to the die cell.  Samples were pressed under 10,000 psi 
and analyzed as described in the previous chapter.   
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Figure 4-35.  Depiction of Calibration Spectrum for VCD Spectrometer. 
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Table 4- 5.  Tabulation of Compound Chemical Formula, Infrared Frequencies and Selected NMR Information 
Compound Mol. Wt. VCD mg/ml Cell Path Char. Freq Char. Freq Char. Freq Char. Freq NMR H1 NMR C13
Structure Molarity Measured Len.(mm) Theory Expt. IR Theory IR Expt IR J-value J-value
3 1385
1321
1292
1524 1261
1 172.3 0.1 1453 1.44 65.8
1382
13
1910 1734 1478
0.5 146.1 0.1 1288 1450 3.91 68.5
1278 1293
1175
1151
1107
1052
14 L
1777 1457
1 218.7 0.1 1739 1389 3.9 66.6
1242 1372
1188 1346
1092
1031
1008
O
OR
O
OR H
OR C
H
OR
C11H24O
Exact Mass: 172.18
Mol. Wt.: 172.31
C, 76.68; H, 14.04; O, 9.29
C13H25BrO2
Exact Mass: 292.10
Mol. Wt.: 293.24
C, 53.25; H, 8.59; Br, 27.25; O, 10.91
C11H19ClO2
Exact Mass: 218.11
Mol. Wt.: 218.72
C, 60.40; H, 8.76; Cl, 16.21; O, 14.63
(R)
(S)
(R)
H
H
OH
H
(R)
(S)
(R)
O
H
H
H
Br
O
(R)
(S)
(R)
O
H
H
H
Cl
O
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14 D
1777 145 1457
0.5 109.03 0.1 1739 1389 3.9 66.6
1242 1372
1188 1346
1092
1031
1008
1
1732 1454
1640 1424
1291 1388
1253 1369
0.4 84.1 0.1 1176 1347 3.9 69.6
1156
1150
1098
1042
8
1709 1495
0.5 143.2 0.1 1201 1448
1176 1387
1154 1368 3.9 69.6
1329
1310
1277
1268
C11H19ClO2
Exact Mass: 218.11
Mol. Wt.: 218.72
C, 60.40; H, 8.76; Cl, 16.21; O, 14.63
C13H22O2
Exact Mass: 210.16
Mol. Wt.: 210.31
C, 74.24; H, 10.54; O, 15.21
 C19H26O2
Exact Mass: 286.19
Molecular Weight: 286.41
 C, 79.68; H, 9.15; O, 11.17
(R)
(S)
(R)
O
H
H
H
Cl
O
(R)
(S)
(R)
O
H
H
H
O
(R)
(S)
(R)
OH
H
H
O
(Z)
 
Table 4-5a  continued from Table 4-5. 
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17
1766 1447
1741 1390
1185 1369
1147 1312 3.9 69.2
0.5 121.08 0.1 1242
1187
1149
1097
1018
18
1723 1457
1201 1419
1185 1395
1154 1372
0.5 112.2 0.12 1345 3.9 69.8
1325
1269
1199
1184
19
1731 1554
1250 1459
1177 1386
1151 1373 3.9 69.8
0.5 119.2 0.12 1348
1268
1255
1203
1112
C14H24O2
Exact Mass: 224.18
Mol. Wt.: 224.34
C, 74.95; H, 10.78; O, 14.26
C15H26O2
Exact Mass: 238.19
Mol. Wt.: 238.37
C, 75.58; H, 10.99; O, 13.42
 C13H22O4
Exact Mass: 242.15
Molecular Weight: 242.31
C, 64.44; H, 9.15; O, 26.41
(R)
(S)
(R)
OH
H
H
O
O
O
O
H
H
H
O
O
H
H
H
O
 
Table 4-5b continued from Table4-5. 
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20
1725 1456
1251 1387
1202 1369
1177 1346
0.5 126.2 0.12 1150 1322
2
1752 1464
1265 1454
1192 1399
1179 1370
0.4 89.3 0.12 1152 1333 3.9 68.7
1109 1320
1097
8
1722 1456
1285 1450
1266 1388
1240 1370
0.5 155.6 0.12 1205 1318 3.9 69.1
1188
1106
1092
1037
C13H21NO2
Exact Mass: 223.16
Mol. Wt.: 223.31
C, 69.92; H, 9.48; N, 6.27; O, 14.33
C20H25NO2
Exact Mass: 311.19
Mol. Wt.: 311.42
C, 77.14; H, 8.09; N, 4.50; O, 10.28
 C16H28O2
Exact Mass: 252.21
Molecular Weight: 252.39
C, 76.14; H, 11.18; O, 12.68
(R)
(S)
(R)
O
H
H
H
O
(R)
(S)
(R)
O
H
H
H
O
C
N
(R)
(S)
(R)
O
H
H
H
O
C N
(E)
 
Table 4 -5c contiued. From Table 4-5. 
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9
1724 1485
1263 1388
0.5 164.7 0.1 1235 1370 3.9 69.1
1181
1155
1111
1088
10
1700 1456
1261 1388
1201 1367
1187 1333
0.3 319.02 0.15 1164 3.9 69.1
1101
1089
1070
11
1721 1456
1289 1387
1264 1370
1220
0.5 162.7 0.15 1189 3.9 69.1
1181
1112
1092
1037
C20H24FNO2
Exact Mass: 329.18
Mol. Wt.: 329.41
C, 72.92; H, 7.34; F, 5.77; N, 4.25; O, 9.71
C20H24Cf3NO2
Exact Mass: 379.18
Mol. Wt.: 379.42
C, 22.59; H, 2.27; Cf, 70.81; N, 1.32; O, 3.01
C21H27NO2
Exact Mass: 325.20
Mol. Wt.: 325.44
C, 77.50; H, 8.36; N, 4.30; O, 9.83
(R)
(S)
(R)
O
H
H
H
O
C N
(E)
F
(R)
(S)
(R)
O
H
H
H
O
C N(E)
CF3
(R)
(S)
(R)
O
H
H
H
O
C N(E)
CH3
 
Table 4-5d continued Table 4-5. 
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12
1722 1486
1292 1465
1267 1457
1247 1438
0.5 170.7 0.15 1201 1388 3.9 69.1
1180 1371
1164 1307
1120
1092
31
3.9 69.5
0.5 119.2 0.12
15
1737 1459
1274 1423
1240 1387
1201 1369 3.9 69.2
1 198 0.12 1151 1342
1098 1321
1080
1038
1016
C21H27NO3
Exact Mass: 341.20
Mol. Wt.: 341.44
C, 73.87; H, 7.97; N, 4.10; O, 14.06
C15H26O2
Exact Mass: 238.19
Mol. Wt.: 238.37
C, 75.58; H, 10.99; O, 13.42
C12H22O2
Exact Mass: 198.16
Mol. Wt.: 198.30
C, 72.68; H, 11.18; O, 16.14
(R)
(S)
(R)
H
H
H
O CH3
O
(R)
(S)
(R)
O
H
H
H
O
C N(E)
OCH3
(R)
(S)
(R)
O
H
H
H
O
 
 
 
 
Table 4-5e continued Table 4-5. 
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16
1734 1458
1273 1423
1240 1386
1198 1369
1.5 318 0.012 1151 1343 3.9 69.5
1097 1321
1081
1067
1039
1014
29
3.9 69.8
0.81 243 0.1
C20H28O2
Exact Mass: 300.21
Mol. Wt.: 300.44
C, 79.96; H, 9.39; O, 10.65
C13H24O2
Exact Mass: 212.18
Mol. Wt.: 212.33
C, 73.54; H, 11.39; O, 15.07
(R)
(S)
(R)
O
H
H
H
CH2CH3
O
(R)
(S)
(R)
O
H
H
H
O
 
 
 
 
Table 4-5f  continued Table 4-5. 
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4.4  Results and Discussion 
 
 Infrared and VCD spectral characteristics were used for testing the hypothesis 
stated simply, “subtle structural modifications around the chiral center result in dramatic 
effects in the VCD spectra”.  Observations are elucidated through comparisons of 
literature, infrared and VCD experimental spectra for compounds (1-34), whose chemical 
structure are provided in Figures 4-10 to 4-13.  Both absorbance difference [ΔA], 
absorption or transmittance spectra were evaluated in the ester, carbonyl, CH and phenyl 
regions of collected spectra.  Optical rotational information has been tabulated for 
measured compounds (Table 4-2), along with the corresponding molecular structure, 
sodium (Na) and mercury (Hg) line measurements between 578 and 365nm are also 
presented. Rotational data shows all the measured compounds have a negative rotation 
for the sodium and mercury lines.  The values for the sodium line range from 60 to 80 
nanometers.  The rotational value for band lines 546, 436 and 365nm are positive for 
compounds having electron donation towards the chiral center.  Compounds containing 
(C≡N) have positive values at band lines 436 and 365nm but for line 546 the optical 
rotation value is negative.  Compound containing (CH2Br) (13) is positive for 546 nm 
line.  Data suggest the strong VCD character is related to the positive rotational bands 
observed for (13) and (14) and warrants further study. 
 Characteristic aliphatic scissors are observed for most molecules in the 1450 cm-1 
region along with the alicyclic scissor associated with the cyclohexane moiety of the 
molecules basic structure.  The CH3 vibration and C-H bend are also observed in the 
molecule’s infrared spectra of the compounds measured.  The previously referenced band 
intensities (carbonyl) vary depending on the presence of electron donating or 
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withdrawing group’s β to the cyano group.  What is very interesting and has a 
dramatic effect is the lack of strong carbonyl band intensity in the VCD for the described 
regions when the electron withdrawing group is present as seen in the case of the (-)-
menthyl [α-cyano-β-phenylacrylate] or (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-2-
cyano-3-phenyl substituted compounds.   
 Initially the lack of carbonyl band intensity in the VCD spectrum was attributed to 
the phenyl system.  Varying the substitution at the ortho position resulted in slight 
increased carbonyl (1700 cm-1 region) band intensity (9-12). These compounds are stack 
plotted in Figure 4-34. The electron withdrawing nature of the cyano substituent α to the 
phenyl moiety was suspected of influencing electron migration away from the ester 
functionality resulting in the observed weak VCD band intensity. Subsequent 
measurement of (-)-menthyl cyanoacetate or (1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl-2-cyano-acetate (2) did not produced the observed low VCD intensity 
in the carbonyl region suggesting the combination of the two functionalities “cyano and 
phenyl ring” substitution plays a role in producing the observed low VCD signals in the 
carbonyl region.  
  Conversely, the experimental infrared spectra for the same compounds result in 
strong carbonyl band intensity as predicted by infrared vibrational theory.  The infrared 
region representing alicyclic scissor from the cyclohexyl ring at 1460 cm-1 is weak and 
the C-H bend at 1275 cm-1 strong in band intensity for the measured compounds 
containing the substituted phenyl ring with fluoro and methyl (9, 11).  Weak VCD 
intensity is observed at the 1275 cm-1 region for the phenyl and methoxy-phenyl 
substituents (8, 12).  These examples illustrate the impact, which can be observed 
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visually in the VCD at and around the chiral or stereo center.  They also provide 
observational evidence on the electron withdrawing group’s influence in and around the 
chiral area of the molecule.  For the (-)-menthyl-cyanoacetate (2) expected ester stretch at 
1175 cm-1 is observed in the VCD. 
 
 
 
 
 
 
 
Figure 4-34.  Stack plot of uncorrected VCD spectra illustrating the changes 
resulting from electron donation or withdrawing groups. 
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The addition of the phenyl moiety β to the ester structure increases the conjugation 
contribution across adjacent vinyl group.  That electron flow is withdrawn towards the 
cyano moiety and away from the ester attached to the chiral center.  The same 
substitution also decreases VCD band intensity in the ester region illustrating the electron 
withdraw power and elimination of potential VCD effects away from the chiral center.  
Testing of the electron withdraw effect was performed by measuring (-)-menthyl trans-
[β-phenylacrylate] or (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-3-phenylacrylate 
compound (6) (Figure 4-16), which produces a very different dramatic effect in the ester 
region of VCD spectra.  For this compound, a strong carbonyl band is observed in the 
negative direction. 
  First (6) in the ester region has a band at 1730 cm-1, which is very intense.   Next, 
a band attributed to the influence at the center representing the cyclic group at 1175 cm-1 
is observed with twice the intensity of the band observed in (9, 11) (Figures 4-18 and 4-
2). These bands were not observed in compounds (8, 12) (Figures 4-17 and 4-21).  Worth 
the mention is the appearance of an ester band at 1628 cm-1 in the infrared that is 
observed but is weak in the VCD (Figure 4-16).  These observation and data 
interpretations are evidence and illustrative of VCD application as a probative technique 
to investigate effects at the chiral center as the environment around the chiral center is 
altered.   
 For all compounds studied, the chiral center is at the C-2 carbon, which forms a 
carbon to oxygen bond adjacent to the carbonyl, comprising the ester moiety. Another 
description for the chiral center’s molecules investigated is that location comprising the 
point where the ester group attaches to the cyclohexyl ring system of the molecules.  
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 Removal of the phenyl ring system from (6) (Figure 4-16) results in (-)-
methylacrylate or (1R, 2S, 5R)-2-isopropyl-5-methyl-cyclohexyl acrylate (1) (Figure 4-
14).  VCD for the compound exhibits characteristic VCD bands at 1275, 1215 and 1730 
cm-1.  Overall, two major band intensities are observed in both (6) and (1).  Visual 
comparison of VCD spectrums for (6) and (1) show the two major bands in (6) are of 
similar if not equal intensity (Figure 4-36).  Bands in that same region for (1) are in the 
ratio of two to one.  The ester band at 1710 cm-1 is of greatest intensity.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-36: Comparison of VCD for Menthyl acrylate and Menthyl-trans-
cinnamate. 
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The intensity of the bands for the ester in (6 & 1) exemplifies the effect observed 
when the addition of electron withdrawing (cyano) group is incorporated into the 
structure (8) (Figure 4-17).  Vibrational circular dichroism band intensity in the ~1175 
and 1730 cm-1 regions (8, 12) (Figures 4-17 and 4-21), unlike their infrared spectra, are 
weak. (-)-Menthyl acrylate or (1R, 2R, 5S)-2-isopropyl-5-methyl-cyclohexyl acrylate (1) 
(Figure 4-14) has a sharp negative band at 1175 cm-1 and the positive-negative-positive 
characteristic for the band representative of the major ester region at 1730 cm-1.  In 
comparison, (-)-menthyl trans-[β-phenylacrylate] or (1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl-3-phenylacrylate (6) (Figure 4-16) has bands at 1130 and ~1730 cm-1, 
yet these bands are 3 times less intense.  Unlike (8-12) (Figures 4-17 to 4-21), in the ester 
region ~1730 cm-1 for (6), there is a sharp and essentially a negative VCD band.  For the 
carbonyl position ~1628 cm-1, weak bands are observed in both (9, 11) (Figures 4-18 and 
4-20).  Unexpectedly, the carbonyl in the 1710 cm-1 region for (2) (Figure 4-15) is strong 
and defined as a positive broad band, which indicates little influence felt on the carbonyl 
by the electron withdrawing group.  Perhaps this is because the cyano is attached to (-
CH2) thus stabilizing the cyano’s influence.  Observed in (12) (Figure 4-21), which 
incorporate the methoxyphenyl group in its general structure, the VCD exhibits positive-
negative-positive character at 1460 cm-1 representing alicyclic scissor from the cyclic 
ring.  This observation suggests the methoxyphenyl substitution has an effect through the 
chiral center to produce an observation in the VCD.  In the other compounds of this 
series, the bands are extremely weak.  This VCD activity should be observed due to the 
proximity of the functional groups relative to the chiral center.  Data collected for (11) 
(Figure 4-20) supports an opposite conclusion since the difference between the two 
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compounds is oxygen at the ortho position of the phenyl. Loss of the oxygen reduces 
the influence felt at the chiral center.  This is exhibited in the VCD as a loss of band 
intensity in the 1460 cm-1 region.  It is considered this VCD activity should be observed 
due to the proximity of the functional groups to the chiral center.   
 Compounds (2, 6, 8-12) (Figures 4-15, 4-16 to 4-21) provide strong evidence of 
the influence of the conjugation effect at the chiral center.  This influence is manifested 
with cyano groups’ electron withdrawing ability.  In the infrared the characteristic 
frequencies for (8, 9, 11) are regions 1200, 1400, 1500, 1600 and 1700 cm-1.  In the 
corresponding VCD spectrum, major bands are observed in the following regions:  1200, 
1400 cm-1 and 1700 cm-1.   Other VCD bands are observed yet the bands are very weak.  
In the VCD at the ester position (1720 cm-1) the band intensity varies as a function of 
both the electron withdrawing and substitution at the ortho position of the phenyl group.  
When conjugation migrates towards chiral center, weak and somewhat broad VCD bands 
are observed (9) (Figure 4-18) at 1180 and 1725 cm-1.  
 Further examination of (2) observed that the VCD band at 1250 cm-1 is very weak 
(Figure 4-15).  The VCD band at 1730 cm-1 (Figure 4-5) exhibits a positive band 
characteristic of enormous intensity in comparison the overall spectrum, yet the infrared 
band is merely twice the intensity of the other vibrations in the spectrum.  Interestingly in 
VCD, (-)-menthyl trans-[β-phenylacrylate] or (1R, 2R, 5S)-2-isopropyl-5-methyl-
cyclohexyl-3-phenylacrylate (6) exhibits two strong negative bands 1180 and 1726 cm-1 
(Figure 4-16).  In contrast, VCD at 1720cm-1 exhibits a broad positive characteristic for 
the five cyano substituted compounds previously discussed (6,8-12) (Figures 4-15, 4-17 
to 4-21).  Infrared spectra for (6) show strong positive carbonyl stretch at 1726 cm-1 
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compared to a negative band at 1638 cm-1 for (1).  The VCD for (10) was recorded 
(Figure 4-19).  The measure was noisy suggesting the need to increase sample 
concentration to fill the transmittance to the 80-90% level.   
 Next VCD for (9) was evaluated.  While the ester region has a more pronounced 
band at 1738 cm-1 for (9), the ester region over the range 1100 to 1200 cm-1 is of equal 
visual interest and relative intensity. Addition of fluorine substitution at the ortho 
position of the phenyl group creates (-)- menthyl [α-cyano-β-(o-flourophenyl] acrylate or 
(1R, 2R, 5S)-2-isopropyl-5-methyl-cyclohexyl-2-cyano-3-(2-flourophenyl) acrylate (9) 
(Figure 4-18), which has reduced electron stability around the ring.  The expectation is 
that this addition assists in achieving electron stability by inducing electron push towards 
the chiral center because fluorine is a strong electron withdrawing group.   
 For (12) (Figure 4-21) electron induction towards the chiral center is weak 
resulting in weak VCD band intensity in the ester and acyclic region.  Band broadening 
was observed in the IR spectrum for (12).  VCD at 1450 cm-1, the observed band is of 
lower intensity and sharp.  In the 1200 cm-1 region of (9) the two sharp bands in the IR 
result in two well-resolved bands of moderate to weak intensity  in the VCD (at 1230, 
1235 cm-1) for the fluorine-substituted substrate.  The aliphatic region associated with IR 
of (9) has two weak yet sharp bands (1480 cm-1 and 1455 cm-1), which also appear in the 
VCD.  These bands are also observed in the IR spectrum for (12), though not well 
resolved.   
 VCD for (11) (Figure 4-20) observed a band of positive-negative-positive 
character at 1735 cm-1 for the ester and a noticeable, yet weak, carbonyl band in the 
negative direction and the band at 1612 cm-1 is also of positive-negative-positive 
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character.  Both bands in (11) resemble a doublet with the center of the doublet at the 
reported IR wavenumber 1722 cm-1 for the carbonyl.  This doublet pattern is 
hypothesized to be caused by the mixing of local motions to produce two normal modes 
that are in-phase and out-of-phase combinations of the two local vibrations [51c].  This 
suggests that they have rotational strengths that are equal in magnitude but opposite in 
sign.  
  In the C-H bend region (1300 to 1000 cm-1) of (9) observed is VCD spectrum 
consisting of singlets in the positive direction.  Whether this couplet appearance in the 
VCD is due to fluorine’s destabilizing of the electron effect on the phenyl ring, thereby 
causing electron contribution towards and on the chiral center, is unknown.  This type of 
influence on (11) (Figure 4-20), is not possible (no fluorine present) and the VCD is 
absent of these bands.  Review of band intensity in the VCD for (12) (Figure 4-21) at the 
ester region shows a decrease in band intensity at 1725 cm-1 and 1175 cm-1 is apparent.  
Data suggest that the addition of the fluorine to the 2 position of benzyl had an effect on 
restoring the electron influence at the chiral center. For compounds measured (2, 6, 8, 9, 
11, 12) data demonstrate substitution at the 2 position of benzyl does contribute to the 
increase or decrease of vibrational circular dichroism intensity around chiral environment 
of these molecules.  Synthetic replacement of the fluorine at the 2 position of the phenyl 
group (9) with a methoxy moiety produces   (-)- menthyl [α –cyano-β-(o-
methoxy)phenyl] acrylate or  (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-2-cyano-3-(2-
methoxyphenyl)acrylate (12), which enhances the IR spectral information in the phenyl 
region (1500-1600 cm-1) and the ester region (1320-1200 cm-1) (Figure 4-21).  
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 Observed is that the influence of the electron cloud of the methoxy group at 
the 2 position of the benzyl group (12) donates electrons to the benzyl group causing the 
cyano at the α-position to force electron migration away from the chiral center.  VCD for 
(11) (Figure 4-20) is weak, an indication that the proton cloud around the methyl 
substituent (11) has little influence at or away from the chiral center in comparison to the 
methoxy group (Figure 4-21).  The data show VCD associated with C-C(=O)-O moiety is 
impacted resulting in an overall reduction in VCD intensity at the chiral center for (12) 
versus (11).  
  Compound (2) used to prepare the discussed series of compounds does not have 
similar VCD band intensities over the 2000 to 900 cm-1 region.  The cyano band in 
compounds 2, 8, 9, 11, 12 appears at ~2200 cm-1 and is not observed with the zinc 
selenide optics required for VCD experiments over the region measured.  Consideration 
has been given to the two processes governing the electron and hence electric flow, 
which results in the observed VCD for the carbonyl band.  “1) From a resonance effect 
prospective, hydroxyl (OH), allyl, alkoxyl (OR), and amino substitutients donate 
electrons (i.e. π-electrons flow from the substituents to the ring).  Conversely, 2) from an 
inductive prospective the functional groups; halogen, carbonyl (C=O), cyano (CN) and 
nitro (NO2) are electron withdrawing groups [52c].  The data suggest that the doublet 
effect is the overall result of a resonance effect.  But, it is unclear as to why the doublet is 
not observed for the methoxy substitution.  
 Comparison of the carbonyl absorption frequencies of figure 4-17, 4-18, 4-19, 4-
20 and 4-21 shed some light on the influence of the substituents present  on the aromatic 
ring, though they are a little off the chiral function. 
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 Compared to the unsubstituted aromatic ring, the presence of the 
electronegative F in the ortho position appears to shift the C=O frequency towards the 
lower frequency. This effect becomes a little more prominent when F is replaced by an 
electron-donating CH3 group (figure 4-20).  The same effect is observed when F is 
replaced by an electron-donating group , namely the  methoxy moiety.  This sublte 
influence suggests that the electron-withdrawing groups and electron-donating groups 
exert opposite effects on the carbonyl absorption frequencies. 
 The VCD spectrum of (-)-menthyl [trifluoromethyl phenyl] acrylate is not well 
resolved to draw any conclusions, we are in the process of synthesizing this compound to 
verify the influence of the CF3 group. 
 The doublet for the carbonyl had been considered assignable to Fermi resonance 
interaction of the carbonyl but the molecules in question do not exhibit symmetry.   A 
symmetric structure is expected for Fermi resonance.  The basic backbone of the 
molecules are identical and if the process was due to overtones or resonance interactions 
of the phenyl and/or carbonyl, the probability of occurrence reveals no matches in the 
frequency region expected for the observations assignable to the carbonyl [52a].  The 
evaluation was performed using infrared spectroscopy.  The evaluation could not be 
accomplished using our VCD system due to the inability to evaluate the regions below 
900 cm -1 or above 2000 cm-1 where the expected additional bands should appear. 
 Considering the measurement of (-)-menthyl cyano-acetate (2), results in VCD 
bands at 1220, 1200 and 1180 cm-1 are assigned to functional groups’ appendages in 
proximity to the chiral center which are C-O and CH(CH3)2 .   Related vibrational band 
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position for the first functional group (C-O) are 1024, 1044, 1103 cm-1 and 1369, 
1383, 1448 and 1465 cm-1 for the other appendage CH (CH3)2.  
 Generalizing across vibrational region comparison of substituted compounds 
measured (1 vs. 2), the absorbance change [ΔA] is +100 units with the most intense 
vibration at 1240 cm-1 with a value of ΔA= ~200 for the band in question.  This 
difference is attributed to the cyano appendage but we require computational chemistry to 
completely test this observation as performed in chapters 2 and 3 of this dissertation. 
 Synthetically, (1) is modified to create α-cyano substituted benzyl compound the 
(-) - menthyl [α-cyano-β-phenylacrylate] or (1R, 2S, 5R)-2-isopropyl-5-
methylcyclohexyl-2-cyano-3-phenyl acrylate (8).  VCD spectrum of this compound is 
less intense across the measurement range.  Ester band ~1700 cm-1 in (2) exhibits greater 
intensity than that measured for (1) by ΔA =30 versus ΔA =10.  The loss of the intense 
bands at 1220, 1210 and 1180 cm-1 is very apparent in the VCD spectrum.  The lack of 
VCD band intensity coincides with the alternate pathway for electron flow created by the 
α and β substituents; specifically, the cyano and phenyl moieties, respectively.  The 
electron influence is pulled away from the chromophore center reducing overall band 
intensity in the carbonyl region.  Compound (1) has two noticeable bands, 1450 and 1560 
cm-1, which are very weak in comparison to the band at 1263 cm-1.  In an attempt to 
discern possible reasons for the decrease in absorbance change (ΔA), (1) is synthetically 
modified creating (-)- menthyl [α-cyano-β-[2-flourophenyl]acrylate or (1R,2S,5R)-2-
isopropyl-5-methylcyclohexyl-2-cyano-3-(2-fluoroyphenyl) acrylate (9).  Addition of 
fluorine at the 2 position on the phenyl in (9) provided a VCD intensity increase ΔA of 
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~50 units at 1730 cm-1.  Band intensity increase is consistent with the electron 
withdraw property attributed to fluorine.   
 Fluorine is a strong electron withdrawing system.  It is summarized that the 
electron withdrawal is strong enough to relieve the pull felt by the cyano system at the 
chromophoric center.  Further evidence towards the conclusion of an electron donating 
influence on VCD band intensity is the synthetic preparation of (-)-menthyl [α-cyano-β-
(o-methoxy)phenyl]acrylate or (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-2-cyano-3-
(2-methoxyphenyl)acrylate (12).  The methoxy group at the 2 position of the phenyl has 
the ability to donate electron.  That electron influence reduces any of the potential 
electron influence through the ester linkage towards the chromophore center.  
Experimentally for (12), VCD band 1710 cm-1 has the same intensity as (9) in that region.  
Bands at 1450, 1460 and 1465 cm-1 for (12) are sharp and exhibit a ΔA in intensity of 
~25 units.  There is also a negative band at 1225 cm-1 with an ~25 units ΔA in intensity.   
 Further assessing the influence of the electron effect (-)- menthyl [α-cyano-β-(o-
methyl)phenyl]acrylate or (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-2-cyano-3- (2-
methylphenyl)acrylate (11) was prepared.  Loss of methoxy from the ortho position of the 
phenyl linkage should increase ΔA intensity, further illustrating the importance of the 
conjugation influence and the need to relieve the cyano’s electron withdrawing ability.  
Structurally, (12) is similar to (11) and the methyl moiety at the ortho position of the 
phenyl should have a similar influence on the ΔA.  The observed VCD for (11) supports 
the loss in ΔA intensity as predicted but for a different reason in comparison to the 
description for the fluorine case.  Methoxy at the ortho position of the phenyl moiety, in 
addition to being an electron donating group, allows some conjugation towards the ester 
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linkage.  This allows the observed vibration transitions in the ~1450 cm-1 region 
expected for C=C-O of the phenyl.  Similar observation is seen in VCD for (9) (Figure 4-
18).  Data suggest diversion of the conjugation influence is assisted by the α-cyano 
functionality.  Noteworthy observation in the VCD spectrum of (11) is the three-fold ΔA 
intensity increase at 1225 cm-1 (Figure 4-20).  In addition, the carbonyl (ester) ΔA at 
~1710 cm-1 shows a negative band forming.  This effect is also observed in the fluorine-
substituted material (9) (Figure 4-18). 
 Experimental measurements support the stated research objective: “structure 
modification of (-)- menthyl [α-cyano-β-phenylacrylate] or (1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl-2-cyano-3-phenylacetate substituted compounds with electron 
donating groups increase VCD relative ΔA intensity.  Loss of relative ΔA intensity is 
observed in cases where conjugation influence is drawn away from the chiral center.”  In 
this set of compounds, the α-cyano species assisted in reducing the conjugation influence 
for compounds with the substituted phenyl functional group. 
 Structural modification at the ortho position of the phenyl group enablels us to 
control how the α-cyano moiety exhibits the ability to decrease or increase the 
conjugation through the ester to the chiral center.  These unexpected VCD results suggest 
the need to evaluate VCD spectra for a different series of ompounds.  Initial series of 
compounds consist of the α-cyano substituent (Figures 4-17 to 4-21), which has been 
shown to influence the VCD spectra from an electron impact prospective in relationship 
to chiral center. 
 Similar influence is observed via examination of the data as a relationship to the 
substituted phenyl moiety at the β position of the vinyl functionality.  Compounds with 
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similar structure exhibit electron withdraw attributed to both the α-cyano and ortho 
substituted phenyl moieties at the β position of the vinyl functionality.  Compounds with 
similar structure have very similar IR spectral characteristics yet very different VCD 
characteristics.  Effects on the cyano band position are not observed since the cyano band 
appears at 2200cm-1.  That region is not observed with the zinc selenide photo-elastic 
modulation and other optics required for VCD experiments in the 2000 to 800 cm-1 
region.   
 Vibrational strength in the form of VCD spectral intensity is a concept for further 
study through VCD experimentation after the preparation of similar compounds without 
the α-cyano substituent.  It is hypothesized that compounds having conjugation through 
the ester linkage into the chiral center without an alternate pathway for electron flow 
would further demonstrate how the environment around and at the chiral center is 
influenced relative to the functional group adjacent to the methylcyclohexyl-ester 
linkage.  
 To that end, a different series of compounds were prepared beginning with (-)-
menthyl acrylate or (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl-acrylate (1) and their 
VCD measured (Figures 4-14,  4-16, 4-22 to 4-26).  Experimental results show two very 
intense bands at ~1200 and ~1740 cm-1.  These band intensities significantly emphasize 
the conjugation influence at the chromophore position.  The visual observations and data 
which exemplify this are gleamed from an examination of the VCD spectrum for (13) and 
(1) (Figures 4-22 and 4-14).  The VCD intensity for (13) at 1720 cm-1 is ∆A=170 units 
while in (1) that position for the carbonyl has a ∆A=1340 units.  This intensity difference 
is attributable to the conjugation.  (-)-Menthyl bromomethyl acetate or (1R,2S,5R)-2-
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isopropyl-5-methylcyclohexyl-2-Bromoacetate (13) (Figure 4-22) has less 
conjugation influence as seen by the proportionate decreased absorption differential 
intensity in comparison to (-)-menthyl acrylate or (1R,2S,5R)-2-isopropyl-5-
methylcyclohexyl-acrylate (1).  In that the chromophore and Br are separated by a 
methylene moiety, remaining VCD bands in the 1160 cm-1 region for (1) are weak in 
comparison to the carbonyl band by at least a factor of four.   
 To further support our electronic/electron flow contention, prepared next is (-)-
menthyl carbonochloridate [also termed menthyl chloroformate or (1R,2S,5S)-2-
isopropyl-5-methylcyclohexyl carbonochloridate] (14) synthesized such that the chlorine 
is attached to carbonyl, unlike the bromine which is attached to methyl in (13).  For (14), 
VCD is very intense with multiple positive-negative transitions at 1760 cm-1.  At the 
1150 cm-1 region, two bands are observed in the negative direction.  These bands have 
ΔA=1500 (14) (Figure 4-23) compared to ΔA=150 obtained with (13) (Figure 4-22).  In 
this case (14), the more intense bands are due to the chlorine, which assists with inducing 
electron flow towards the chiral center.  In the Bromine case, electron flow is stabilized 
by the methylene group between the carbonyl and bromine.  Also, menthyl 
carbonochloridate is not to stable at or above room ambient temperature. 
 Further test of this hypothesis was conducted by the measurement of VCD for (-)-
menthyl acetate (15) to evaluate if perturbation through the ester towards the chiral center 
occurred.  That compound exhibited very little VCD characteristics as seen in Figure 4-
24, suggesting that no measurable environmental influence at or around the chiral center 
was evident.  A monosignate band is observed at 1745 cm-1.  Upon expansion of the VCD 
in the Y direction the band at 1160 cm-1 is observed to have a side band at 1158 cm-1.  
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This can also be attributed to some overlap of two local vibrations of similar rotation 
strength.  The observation is very surprising and warrants further investigation.   
 Unlike (15), the next compound measured, (-)-menthyl propionate or (1R,2S,5S)-
2-isopropyl-5-methylcyclohexyl propionate (16) (Figure 4-25), experimental 
determination resulted in weak VCD bands relative to (13) and (14).  Band intensity for 
(16) at 1750 cm-1 is positive and weak relative to the ester functionality for the previously 
discussed compound (14) (Figure 4-23).  Several VCD transitions are also observed over 
the 1180-900 cm-1 region.  The VCD for (16) also has very weak bands at 1450-1340  
cm-1. 
 Measurement of (17) has apparent VCD across the 1500 - 950 cm-1 region.  Band 
intensity is weak with transitions occurring in both the plus and minus direction.  In the 
ester region 1730 cm-1, we cannot interpret the VCD without the assistance of 
computational chemistry.  The data suggest multiple carbonyl transitions are present 
resulting in the observed broad band for that region.  The spectral appearance is different 
from all the other bands, which have appeared in the ester region for the compounds 
measured in this study.  For (-)-menthyl acetate related molecules, pictorially, VCD with 
their molecular structures are stack-plotted to provide illustration of the relationship to 
functionality relative to electronic influence and, therefore, perturbation through the ester 
towards the chiral center producing the resulting experimental VCD spectra (Figure 4-
37).  From these measurements and conclusions drawn from observations of spectral 
differences, it is important to consider and, if possible, evaluate the influence of cyclic 
functional group substitution on the ester linkage. 
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Figure 4-37.  Stack plot for Menthyl Acetate related compounds for which VCD 
have been  measured to illustrate effect of structure on VCD spectrum. 
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 The first of three compounds measured in the series (18) have the strongest VCD 
bands at 1730 and 1190, with weak VCD over the1450-1200 cm-1 region (Figure 4-27). 
Next, (19) (Figure 4-28) has VCD in the same region, yet the band at 1190 cm-1 is 
significantly increased.  The major ester band at 1730 cm-1 is too intense and could not be 
adequately compared to (18). 
Finally, (20) (Figure 4-29) was measured and resulting VCD was reduced across the 
spectrum in comparison to (19), yet the carbonyl band was more intense for (20) relative 
to (18).  The ester band at 1730 cm-1 is a sharp band in the positive direction for (20).  
The corresponding band at 1160 cm-1 exhibits a positive-negative-positive transition 
(example of a VCD couplet) (Figure 4-29).   
 Results indicate cyclic substation adjacent to the carbonyl of the ester moiety 
cannot be fully interpreted for the three cases examined. There appears to be electron 
flow towards and away from the chiral center resulting very different effects in the VCD.  
Excluding (18), it appears as the cyclic group gets lager the ester band intensity 
decreases.  Pentyl substitution was the largest cyclic group adjacent to the carbonyl and 
the corresponding VCD has very weak band intensity in comparison (19-20) (Figures 4-
28 and 4-29).            
 Currently, literature [49b. and references cited therein] debates whether the 
cyclopropane structure acts as if it is a vinyl moiety.  It is thought VCD could provide 
evidence for one position or another.  The strong VCD bands for (18) support electron 
conjugation towards the chiral center.  The evaluation of (-)-menthyl acrylate or 
(1R,2S,5S)-2-isopropyl-5-methylcyclohexyl acetate (1) (Figure 4-14) is needed to make 
 231
visual comparison.  Review of (1) in comparison to (18), observed sharp band 
intensities at 1724 and 1205cm-1 (1) versus 1722 and 1176cm-1 in (18) (Figure 4-38).  
 As previously discussed, the observed intensity at the described position is 
attributed to electron influence towards the chiral center of the molecule.  In this case, (1) 
a negative intense VCD at the two reported positions are observed.  Conversely (18) 
exhibits two positive bands at the described positions. Relative absorbance change are 
ΔA=267 at 1176cm-1 and ΔA=335 at 1722cm-1 for (18) and by comparison (1) has 
absorbance change values of ΔA=552 at 1205cm-1 and ΔA=1296 at 1724cm-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-38.  Uncorrected VCD Stack plot for (-)-Menthyl Acrylate and (-)-Menthyl 
cyclo-propanoate stack-plotted to illustrate any differences in the VCD and to assist 
in determining if cyclopropyl is similar to the vinyl linkage. Strong ester bands 
suggest  electron migration towards the chiral center. This supports the ability of 
the cyclopropyl to mimic the vinyl thus VCD can assist in resolving the literature 
debate [see 49b] but support from computational chemistry is required. 
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The absorbance changes support electron induction, or at the least, influence towards the 
chiral center because if electron withdrawal away from the chiral center occurred, weak 
VCD should be observed as in the case of electron withdrawal produced by the cyano 
substitution.  While the intensity in (18) is not as strong as (1), data supports the ability of 
the cyclopropane ring to mimic the influence observed with the vinyl group substitution 
in the VCD spectrum. 
  Utilizing ChemDraw™ [16], measured infrared transmittance data and literature 
data are tabulated for a select number of the compounds.  Included in the tabulation are 
chemical structure, molecular weight and formula, morality of compound in VCD 
measurement, cell path length used for the measurement, characteristic IR wavenumber 
(both experimental and theoretical if available), and finally the characteristic NMR J-
value for 1H and 13C at the chiral center for each selected compound (Table 4-4).    
 Further examination of data from experimentation with the ester substituted (-)-
menthyl species resulted in observations supporting the contention:  “electronic influence 
has an observable effect on band intensities and position at and around the chiral center 
of the molecules studied.”  This observed influence and literature references prompted 
the warranted evaluation of (-)-2-carene or 3,7,7-trimethylbicyclo[4.1.0]hept-2-ene (35) 
and  (-)-3-carene or 3,7,7-trimethylbicyclo[4.1.0]hept-3-ene (36) (Figures 4-39 and 4-40).  
The molecules differ by the position of the olefinic structure.  Previous observations 
suggest we should easily observe a difference in their recorded VCD.  Observed are 
moderate VCD bands at 1008, 1214, 1372 cm-1 assigned to (C-(CH3)2) movement, 1450 
cm-1  assigned to the C-CH3 movement of the hexyls ring and 1552 cm-1 corresponding 
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to electron influence at the points of methyl substitution.  For example, out of plane 
vibration is observed at 1008 and 1214cm-1.  This observation is not seen for (36) (Figure 
4-40), which has olefinic structure one additional carbon away from the cyclopropane 
structure.  Unlike the VCD of (35) (Figure 4-39), we observe 50% decrease in band 
intensity assignable to the olefinic vibrational influence at 1542 cm-1 produced by the 
cyclopropane ring.  In both examples, the infrared had similar band intensity and VCD 
pattern (Figures 4-36 and 4-37).  
 As mentioned in the introduction, in the past, the property of sulfoxide moiety 
has been compared to the carbonyl compounds.  In view of the observed dependence of 
the bathochromic effects of   α-, β- and γ-alkyl groups on the special positions with 
respect to the carbonyl function on the n π* [47], it was considered interesting to 
compare IR and VCD characteristics of the mentioned carbonyl group containing 
compounds with the IR and VCD absorption of naturally occurring mono-terpenoidal 
derivatives (Figure 4-12).  Three research groups have published IR and VCD spectrum 
of camphor (24) [48a], epi-camphor (2) [48b] and methane (3) [48c] have been recorded, 
and recently the calculated and experimental VCD and absolute absorption intensities and 
frequencies of individual transition of ®-(-)- and (S)-(+) – camphor have been recorded 
[48a].  From this data and continuing with visual evaluation VCD for bicyclic 
compounds, the next set of experiments were centered on camphor and related 
compounds.  Our experimental result for (23) agrees with literature.  Verbenone (25) 
(Figure 4-41) was measured and its VCD compared to –bromo-1,6,6-trimethyl-
[3.1.1]hept-3-en-2-one or R-bromo-camphor (22) (Figure 4-30).  The resulting spectrum 
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shows a strong negative-positive VCD band at 1730 cm-1.  Remaining VCD bands for 
(22) are much weaker than  observed for (25).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-39.  Uncorrected IR and VCD spectra for (+)-2-Carene (35).  
In view of the fact that chiral compound itself is VCD active irrespective of 
whether it possesses a chromophore or not, we have examined the VCD of 2- and 3-
carenes and cubebene (a tricyclic sesquiterpene) carrying a cyclopropyl group 
conjugated with a carbon-carbon double bond.  The comparative VCD study of 
these compounds is in progress. 
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Figure 4-40.  Uncorrected IR and VCD spectra for (+)-3-Carene (36).  
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Figure 4-41.   Uncorrected IR and VCD spectra for R-(-)-Verbenone (25). The 
Middle view is an expansion of the lower VCD performed to illustrate the weak 
VCD band. 
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Loss of the olefinic bond illustrates the impact an electron cloud or electron 
movement has on the increase or decrease in VCD band intensity.  The next compound 
evaluated was 1S,4R-1,4 dimethylbicyclo [3.1.0] hexan-2-one or thujone (37) measured 
using VCD spectroscopy (Figure 4-42).  Characteristic carbonyl band is observed at 1750 
cm-1 with a negative-positive-negative identity.  A strong positive VCD band is observed 
at 1450  cm-1 and other weaker transitions are present from 1350-950 cm-1. It is observed 
the VCD intensity for the compound is greater than what was observed for (25) due 
primarily to the cyclopropane feature incorporated into the molecular structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-42.  Uncorrected IR and VCD spectra for Thujone (37). The Middle view is 
an expansion of the lower VCD performed to illustrate the weak VCD band. 
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 Modification to (24) (Figure 4-12) was performed to explore the effect of 
electron donating and withdrawing groups for a different compound series.  The groups 
in question are incorporated into the molecular structure as a substituent.  First, (26) was 
prepared to determine the influence of sulfur in the VCD (Figure 4-31).  Compound 
1,7,7-trimenthylbicyclopropane [2.2.1]heptane-2-thione (Thio-Camphor) was measured 
and very weak VCD bands are observed from 2000-950 cm-1.  Sulfur replacement of 
oxygen in (24) resulted in the expected loss of the carbonyl band at the 1730 cm-1 region.  
Observed also is a negative-positive VCD character in the 1750 cm-1 region.  Although 
minor VCD is observed, all the infrared transitions have a corresponding band in the 
VCD of (26) (Figure 4-31).  Experimentation was then performed with Fenchone-oxime 
or 1,3,3-trimethylbicyclo[2.2.1] heptan-2-one oxime (27) (Figure 4-32).  The molecule 
has an electron withdrawing group at the C=N- bond.  This electron withdraw 
characteristic is observed in the VCD at 1750 cm-1 as well as the 1400-1150 cm-1 region 
representing the C-(CH3)2 vibration.  While in the infrared, strong vibration bands are 
observed, weak bands are present in the VCD spectrum.  Noteworthy are the negative 
VCD bands at 1200 and 1400 cm-1.  Positive-negative-positive bands are observed at 
1350 cm-1 and a broad positive band observed at 1750 cm-1.  To observe the effect 
previously reported for electron donating functionality, fenchylidene-nitramide or N-
(1,3,3-trimethylbicyclo[2.2.1] heptan-2-ylidene) nitramide (28) (Figure 4-33) was 
prepared and VCD measured.  It is observed that the nitro group has the electron donation 
characteristic, which resulted in strong positive band at 1540 cm-1.  A negative-positive 
transition is observed at 1300 cm-1.  What is unusual is the lack of VCD expected for C-
(CH3)2 at 1370 cm-1 and C-CH3 at 1450 cm-1. 
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 Experimentation during the course of this research lead to the additional 
investigation of instrumental parameters manipulated to produce VCD spectra.  Results 
show the relationship of experimental parameters to the resultant VCD spectrum cannot 
be correlated.  Experimentally, VCD measurements are difficult to perform for several 
reasons.  First, VCD sample preparation requires filling the absorbance or transmittance 
intensity between 80 to 95%.  In most cases, this requires preparing solutions at the 1 
molar level.  For some analytes it was necessary to prepare 60 to 80% solutions.  
Secondly, compounds outside of the terpene class are measured successfully but do not 
have as many bands in both negative and positive directions as seen in the VCD of 
reference standard α-pinene [48a].  Instrumental conditions used for the measurement of 
selected compounds in this study are tabulated (Table 4-5) for comparison purposes.  
Based on the instrumental parameters, the settings effecting VCD the greatest are the 
time constant, sensitivity and detector gain. 
 During this research effort, measurements for solid samples have been very 
successful by the preparation of KBr press (49).  Such experiments require less effort in 
manipulating instrumental parameters and determining the appropriate solvent to solute 
concentration to obtain VCD.  The key to success with KBr pellet samples is the use of a 
purge box around the VCD optics that is external to the infrared bench optics.  The use of 
crystalline KBr packets obtained from Spectral Tec (Madison, WI) was required to obtain 
a transparent sample.  All attempts to use powder KBr or samples prepared using the 
wiggle-bug preparation approach resulted in spectral artifacts or poor spectral quality.  
Sited problems with Spectral artifacts (49) were not observed as well.  For this chapter of 
our research we used the traditional solution based approach of measuring VCD.  To that 
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end, samples were prepared in carbon tetrachloride.  This approach is consistent with 
literature (1-24) and it appears this is primarily due to limitations in the sample 
preparation and expensive sample cell windows to measure pure materials of interest.  
While concentration for measured sample is reported, generally that concentration was 
necessary to obtain adequate VCD spectra.  This information is tabulated and no general 
trends are present in the data Table 4-5. 
  
4.5 Summary and Conclusions 
 
 The initial compound series consisted of menthyl α-cyano moiety (Figure 4-5).  
This series showed that the initial hypothesis could not be disproved without first 
understanding electron withdrawing influence of the combined effect of vinyl and cyano 
moiety.  Evaluation of the cyano influence was researched by preparing a vinyl 
substituted menthyl ester system resulting in a single path for electron migration between 
the chiral center and vinyl group.  The VCD C=O frequency of these compounds appears 
to be unaffected by the modifications of the size of the ring attached to carbonyl moiety.  
In fact, all of cyclic esters exhibit the same C=O absorption frequency in their VCD 
spectra (c.f.  Figure 4-37).  
Careful examination of the VCD spectra of (-)-menthyl alkanoiates and 
alkenoiate, namely (-)-menthyl acrylate (1); (-)-menthyl acetate (3); (-)-menthyl 
bromoacetate (4); (-)-menthyl 2-chloroacetate (5) and (-)-menthyl propionate (6) leads to 
a couple of interesting observations. 
Table 4-6.  Analytical  Instrumental Parameters For Vibrational Circular Analysis 
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Cpd (#) Compound Name
Time Const dB Sensitivity Detector Scans* Aperture**
µ seconds# mVolt Gain
1 (-)-Menthyl acrylate 300 6 2 1 1,2,3 150
2 (-)-Menthyl Cyanoacetate 300 12 5 1 1 150
Menthanol 300 6 1 1 2,3 150
6 (-)-Menthyl trans-[β-phenylacrylate 300 6 1 1 2,3 150
7 (-)-Menthyl cis-[β-phenylacrylate 300 6 2 1 1 150
8 (-)-Menthyl [α-cyano-β-phenylacrylate 300 6 5 1 1 150
9 (-)-Menthyl [α-cyano-β-(o-flourophenyl)]acrylate 300 6 5 1 1 150
10 (-)-Menthyl [α-cyano-β-(o-triflourophenyl)]acrylate 300 6 2 1 1 150
11 (-)-Menthyl [α-cyano-β-(o-methylphenyl)]acrylate 300 6 2 1 1 150
12 (-)-Menthyl [α-cyano-β-(o-methoxyphenyl)]acrylate 300 6 2 1 1 150
15 (-)-Menthyl acetate 300 12 2 1 1 150
14 (-)-Menthyl chlorodiate 300 12 2 2 1 150
13 (-)-Menthyl Bromomethyl acetate 300 6 2 2 1 150
16 (-)-Menthyl methyl acetate 300 6 5 1 1 150
18 (-)-Menthyl cyclopropanoate 300 6 5 1 1,2,3 150
19 (-)-Menthyl cyclobutanoate 300 6 5 1 1 150
20 (-)-Menthyl cyclopentanoate 300 6 5 1 1 150
35 (+)-2-Carene 300 6 5 1 1 150
36 (+)-3-Carene 300 6 5 1 1 150
37 Thujone 300 6 5 1 1 150
25 (-)-Verbenone 300 6 5 1 1 150
(-)Menthone 300 6 5 1 1 150
32 Nopinone 300 6 5 1 1 150
Iso-Nopinone 300 6 5 1 1 150
34 (-)-Verbanone 300 6 5 1 2 150
26 ThioCamphor 300 6 5 1 1,2,3 150
24 Camphor 300 6 5 1 1,2,3 150
22 BromoCamphor 300 6 5 1 1,2,3 150
27 Fenchone Oxime 300 6 5 1 1,2,3 150
28 Fenchone Nitroxide 300 6 5 1 1 150
# Time constants of 100 micro-seconds, and 300 
milli-seconds where also used. While at the longer 
time constant the frequency amplifier did auto phase 
but the VCD spectra was not well resolved.
* Three scan setting were used to collect spectra. 
For (1) a complete set of 3000 scans were used, (2) 
is for 6000 scans and finally (3) refers to the 
collection of 20,000 scans .
*** References the Source energy 
reaching the sample was fully 
open when set to 150 during 
measurement.
Lock In Amplifier Infrared Settings
 
 
 
 242
First, the VCD spectra of (-)-menthyl acetate (3) and (-)-menthyl propionate (6) show 
a positive sign, while the VCD spectra of (-)-menthyl bromoacetate (13) and (-)-menthyl 
chloridate (14) exhibit the opposite sign.  (-)-Menthyl acrylate (1) also shows a negative 
sign just like (-)-menthyl bromoacetate (13) and (-)-menthyl chloridate (14).  However, in 
the three cases, their C=O absorption frequencies are shifted to a higher frequency than 
the C=O frequency of (-)-menthyl acetate (15) and (-)-menthyl propionate (16).  Second, 
the C=O absorption frequencies of (-)-menthyl bromoacetate (13) and (-)-menthyl 2-
chloroacetate (14) are higher than that of (-)-menthyl acrylate (1).  The above inference 
suggests that the observed difference in the absorption frequencies may be due to the 
interaction of the π-electrons of carbon-carbon double bond with the unshared pair of 
electrons of the oxygen atom of the C=O group of (-)-menthyl acrylate.  This observation 
stands supported by the reported interaction between C=O group and the α-thialkyl 
moiety of the 2-thialkylsubstituted 1-cycloheaxnone [46a and reference sited therein]. 
 
The examination of the VCD spectra of (-)-menthyl chiral acrylates, namely (-)-
menthyl (β-phenyl)acrylate or (-)-menthyl cinnamate] (6); (-)-menthyl [α-cyano-β-(o-
fluorophenyl)]acrylate (9); (-)-menthyl [α-cyano-β-(o-tri-floromethylphenyl)]acrylate 
(10); (-)-menthyl [α-cyano-β-(o-methyl-phenyl)]acrylate, (11) and (-)-menthyl [α-cyano-
β-(o-methoxyphenyl)]-acrylate (12) shows the presence of some salient characteristics, 
just as in the case of the VCD spectra of the chiral menthyl alkanoates (cf. Figure 4-11). 
The VCD spectra of (-)-menthyl (β-phenyl)acrylate (6); (-)-menthyl [α-cyano-β-
(o-methylphenyl)] acrylate (11) and (-)-menthyl [α-cyano-β-(o-methoxylphenyl)]acrylate 
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(12) show a negative sign while (-)-menthyl [α-cyano-β-(o-fluorophenyl)]acrylate (9) 
and  (-)-menthyl [α-cyano-β-(o-trifluoromethylphenyl)]acrylate (10) show the opposite 
sign.  Although it must be said that the C=O absorption bands are somewhat broad, the 
sign of rotation is unmistakable (cf. Figures 4-17 to 4-21, 4-34).  Whether this is due to 
the opposing dipole moments of the C=O and CN groups is not clear at the present time. 
The conclusion of these measurements lend to the synthesis of cyclic substitution 
at the ester position.  These compounds were also synthesized to investigate the 
speculation (51) that the cyclopropyl moiety resembles the vinyl moiety relevant to their 
electron influence.  In view of the fact that many naturally occurring compounds contain 
the cyclopropyl group and the inherent interesting properties associated with the highly 
strained ring system, the chemistry of the cyclopropanoids has received considerable 
attention [51, 53a-b].  Its presence in a compound manifests unusual and unique 
chemical, physical and spectrometric properties.  It his often stated that the cyclopropyl 
ring usually behaves as a carbon-carbon double bond [51 and refs. cited therein].  The 
above observation is supported by NMR evidence which provides better agreement 
between experimental and calculated shifts using carbon-carbon bonding as the basis for 
the explanation of the structural similarity [51].  It is also reported that cyclopropyl and 
vinyl groups interact with neighboring π-electron systems. [53a-b].  The close similarity 
of bonding in the – C = C – system and cyclopropane is frequently cited while discussing 
the chemistry of the cyclopropanoids.  In fact they are often referred to as two 
“equivalent systems” and transformed mathematically into one another [54].   Like the 
vinylic C – H bond, the cyclopropyl C – H bonds are shorter than the C – H bond of the 
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alkanes [55].  The 13C – H NMR coupling constants also reveal a similar observation 
[56].    
  Finally, more recent publications [50] study VCD of camphor.  To conclude our 
research, derivatives of that compound class were obtained or prepared then measured 
with our VCD instrumentation and evaluated using spectral comparison and literature 
data. 
Vibrational circular dichroism in conjunction with infrared spectroscopy was 
utilized to measure a series of never before reported chemical compounds.  These 
compounds were synthesized to ascertain the influence resulting from the configuration 
of the functional group extending from the chiral center.  Our experimental data supports 
the general conclusion “electron-donating groups intensify the VCD signal by forcing 
conjugation or electron cloud contribution towards the chiral center.”  Electron 
withdrawing groups weaken the overall VCD spectral intensity because of the tendency 
to relieve conjugation and or electron cloud influence towards the chiral center. Certain 
functional groups, for example halogen substituents, withdraw electrons away from the 
chiral center.  In addition, the phenyl rings are shown to increase overall VCD spectrum 
in both intensity and band position as in the case of compounds (8) and (11) (Figures 4-
17 and 4-20), respectively.  In contrast, VCD band intensities are reduced when 
influenced by an electron withdrawing group as observed in the spectrum for (1) and (2) 
represented by VCD spectrums in Figures 4-14 and 4-15, respectively.  The experimental 
results show that the chiral center can be probed and predictions of the effect tested using 
vibrational circular dichroism.  The next logical step is to perform similar experiments on 
nitrogen systems.  The amine linkage (NH2) needs to be evaluated because it opens the 
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path to the biological systems in the form of related natural and man-made amino 
acids building blocks.   
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Chapter 5.  Future Research Emphasis:  Vibrational Circular Dichroism of 
Cyclic Esters (Lactones) and Oxides of Nitrogen, Phosphorus and Sulfur Containing 
Compounds 
 
5.1  Introduction 
 
Visual observations in the VCD for carbonyl compounds suggest similar observation are 
possible for S=O, P=O, and N=O.  Continued research in this area is divided into three 
parts:  (1) Part I covers the VCD of oxides of nitrogen, phosphorus and sulfur containing 
chiral organic compounds; (2) Part II examines the effect(s) of the substituents on the 
VCD signals of chiral esters including cyclic esters, namely chiral lactones; (3) finally, 
Part III covers the VCD study of the Knovenagel condensation products formed by the 
reaction of reactive methylene moiety containing esters with the carbonyl compounds.  
This process was utilized in the previous chapter.  Part I itself is further divided into four 
sections:  Section A is devoted to the VCD of chiral sulfoxides, which have attracted 
considerable attention as a group of highly useful synthons; Section B examines the 
interesting VCD properties of chiral organic compounds containing the P = O function; 
Section C investigates the VCD salient characteristics of N-oxides of the chiral organic 
amines; and Section D describes the comparative study of the VCD features of the three 
functional groups, in which nitrogen, phosphorus and sulfur are linked to oxygen via 
either a classical double bond or a coordinate covalent bond.  This section also discusses 
the effect of hydrogen bonding on the VCD signals of the above mentioned functional 
groups as well as their electronic interaction with adjacent group(s). 
Since the primary purpose of the present work deals with the examination and the study 
of VCD; to start, it is beneficial to provide a brief introduction to the observable 
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phenomena arising from the electronic transitions, when organic compounds are 
exposed to radiation.   
 
5.1.1 Electronic Transitions:  The electronic spectra of organic compounds resulting 
from the interaction between the organic molecules and light depend on the molecular 
environment or the functional groups present in the given molecule and the nature of the 
solvent.   The electronic interactions, in turn, depend on the absorbed energy that results 
in the promotion from the unexcited ground level to higher excited level(s).  The 
spectrometer measures the amount of the energy absorbed from the radioactive source by 
measuring the difference between the intensities of the incident and the transmitted light.  
Four types of electronic transitions are usually observed: 
σ σ* (seen in alkanes) 
n σ* (seen in alcohols, amines, etc.) 
π π* (arising from the excitation of π-electrons) 
n π* (as seen in carbonyl and sulfoxide groups)  
 
The energy required for the σ σ* and n σ* transitions is relatively large 
and these transitions are usually observed around ~ 135 nm.  The position of n π* 
depends on the nature of the solvents used.  For the double bond, the available excitation 
modes include π  π* and π  σ* transitions.  The π  π* transitions 
usually occur between 179 – 200 nm.  The following figure (Figure 5-1) illustrates the 
excitation of the carbonyl function.  The two non-bonded pairs of electrons on oxygen are 
unhybridized s and p and are indicated by ns and np levels.  Although, six electronic 
transitions are possible, the np π* is not permitted.  Yet, due to vibrational 
interactions, the non-allowed np π* has been stated to occur to some extent and to 
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result in weak absorption in the 210 nm region and is generally referred to as the 
n π* transition.  A distinguishing feature of this transition arises from the lone pair 
or unshared pair of electrons tends to concentrate in the space away from the π−electrons.  
The π  π* transition is seen in the 180 nm region and exhibits strong excitation of 
the carbonyl group.  In the case of the conjugated carbonyl group, C=C-C=O, the n-
electrons may encompass the entire conjugated system.  While the π  π* is seen in 
the 220 – 250 nm region, the n π* transition appears around 320 nm. 
 
The IR absorption bands of the carbonyl group appear in the 1700 cm-1 region 
depending on the nature of the molecular environment.  The UV absorption of the 
S O moiety is seen around 210 – 215 nm, while its IR band displays a single band 
character near 1050 to 1000 cm-1 (9.5 to 9.92 μ). [1a,b]  The absorption is little affected 
by conjugation or ring system but is quite sensitive to hydrogen bonding, which causes a 
significant shift to lower frequency (Table 5-1) [2].  
 
σ
π
π∗
ns
np
σ*
 
Figure 5-1.  Molecular Orbital Diagram of the C=O Group 
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Sulfoxide  S O
IR-absorption
1 C6H5S(O)CH3 1040
2 1035
3 1032
4 CH3S(O)CH2Cl 1050
C6H5S(O)(CH2)5CH3 10405
C6H5S(O)C6H5 10456
C6H5S(O)CH2C6H5
C6H5CH2S(O)CH2C6H5
(cm-1)
 
 
 
 
Table 5-1.  IR Absorption Frequency of  S O  (cm-1)* 
* Y. Veno, T. Inoue and M. Okawara, Tetrahedron Lett., 2411 (1977). 
 
 
 
5.1.2 Force Constant:  Since organic molecules are composed of vibrating atoms, 
Hooke’s law has been used to describe forces operating between the atoms and the bonds 
joining these atoms.  The motion of the two nuclei oscillating about some equilibrium 
point under gravity can be described by equation 1, where ma and mb are the masses of 
the two nuclei.  The Hooke’s law states that the force for a given displacement, x, of the 
effective mass from its equilibrium value is given by F=kx, where k is the force constant 
(Fig. 2).   
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Figure 5-2 Calculation of   Force Constants 
 
Since F=ma (Newton’s law), the relationship between vibrational frequency γ and force 
constant can be expressed as in Eqn. 2.  Transforming the frequency of the oscillation, ν, 
in units of reciprocal distance by using the relation λν=c, where c=velocity of light, 
(3x1010 cm/sec) gives Eqn. 3.   As reflected by the data in Table 5-2, two interesting 
generalizations emerge from the above discussion: (i) the larger the force constant, the 
higher is the vibrational frequency, and (ii) the smaller the reduced mass of the oscillator, 
the higher is the frequency [3].  Using the above, the force constants and IR frequencies 
of C-N, C=N, C≡N, C-C and O-H groups have been calculated (cf. Table 5-2).  One sees 
an interesting but almost a proportionality of the CN force correlation and bond order.  
Another example used by these authors is dimethyl sulfoxide [(CH3)2SO], 
 
1
μ
1 1
ma mb
+=
γ = 12π
k
μ
γ = 1λ
k
μ- = 12πc
Eqn. 1
Eqn. 2
Eqn. 3
ν
ν
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Table 5-2.  Calculation of the Group Frequencies** Conversions used to derive the 
above values are: 1 amu=1.660x10-27 kg; 1 md/Ǻ=100 N/m and 1n kg-1=1s-2 
 
 
which has S- and O-atoms possessing their unshared pair of electrons.  The use of the IR 
frequencies of the sulfoxide moiety, has led to the generalization that a decrease in the 
frequency indicates coordination through O while an increase indicates coordination 
through S [4].  Also, using infrared frequency, and with the aid of the equation 
k=1.86x105 (r-0.88)3 where r is the bond length, the force constant (k) of the S O 
bond has been calculated [5].  The force constant of the sulfoxide has been reported to be 
7 x 10-5 dyne cm-1 [6].  The force constant is suggested to increase with the increase in the 
bond length.  This also indicates that the bond between sulfur and oxygen in the sulfoxide 
 
C N
C N
C N
C C
O H
k, md/A0 μ,, amu k/μ ~
5.3 6.46 0.91 ~ 1000cm-1
10.5 6.46
6.46
1.27 ~ 1500cm
-1
 17.2 1.63 ~ 2000cm-1
~ 5 6.0 0.91 ~ 1000cm-1
~ 5 0.941 ~3600cm-12.30
ν 
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entity is semi-polar in nature.  Organic molecules undergo excitation when exposed to 
UV light (Figure 5-1).  The primary difference between UV and CD is that the CD is 
highly sensitive and limited to optically active compounds.  UV and CD both have their 
origin in the ground state and the electronically excited state energy considerations.  
However, UV is conventionally positive, while CD can be both positive and negative.  
Since the early observation of the infrared ORD [7], CD has come a long way.  The 
linearly polarized light and circularly polarized light, on passing through chiral organic 
compounds, give rise to ORD and CD, respectively.  CD spectroscopy has been found to 
be a versatile tool in the study of conformational analysis and stereochemistry of chiral 
compounds [8].  The ORD studies in the visible and UV region of dialkyl and arylalkyl 
sulfoxides have been reported. [9-11] 
 
5.1.3  The Cotton Effect:  Predictive correlation between Cotton effect (CE) signs 
associated with the  π  π*  and  n π* transitions and molecular geometry 
has been reported [12].  The term “inherently dissymmetric chromophore” has been used 
to describe the chirality exhibited by the S O group [13].  The term is suggestive 
of the fact that the observed large CD bands are associated with both electric and 
magnetic dipole and that high intensities of the CD reflect the chromophore’s absolute 
chiral geometry in the molecule.  It has been described that alkyl aryl sulfoxides are 
associated with high amplitude Cotton effects [14].  The phenomenon of the Cotton effect 
– anomalous dispersion effect - reflects the change of specific rotation with the change in 
the wavelength of the polarized light passing through the chiral medium.  The intense UV 
absorption of the alky aryl sulfoxides around 230 ~250 nm is said to indicate “a strong 
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coupling between local benzene π to π * and sulfoxide n to π * transitions”.  It was 
also suggested that “minor variations in the structures of the basic chromophore, such as 
branching in the alkyl side-chain” do not lead to modification of the Cotton effect.  
Speaking of the interactions between the neighboring functional groups, a-alkylthio 
group of cycloalkanones has been observed to interact with the carbonyl group [15]. 
The Cotton effect work can be applied to chiroactive organic sulfoxides and the 
comparison of their VCD characteristics with the VCD properties of similarly constituted 
N-Oxide and P=O groups (Figure 5-10), if initiated, we can obtain specific answers to 
several questions by examining whether they exhibit any common identifiable features.  
In particular, we were seeking answers to the following questions namely: 
1. Are chiroactive organic sulfoxides sensitive to VCD? 
2. Would it be possible to detect the interaction between the non-bonded 
electrons on the oxygen atom with the pi-bond present on the substituent 
attached to sulfur? 
3. Would the ring size of the substituent attached to sulfur affect the VCD 
characteristics of the dissymmetric center? 
4. What effect would hydrogen bonding of the sulfoxide moiety have on the 
VCD signals? 
5. How would the formation of complexes with metallic salts affect the 
VCD? 
6. Would it be possible to detect whether the linkage of the metal is via the 
oxygen atom of the sulfoxide or via the sulfur atom of the sulfoxide? 
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7. Can the complexes formed from the coordination of the metallic salts 
and the chiroactive sulfoxides serve as catalysts to stereospecifically 
alkylate reactive methylene moieties of compounds such as ethyl 
acetoacetate, phenyl acetonitrile, phenyl acetone, etc.?   
8. Would there be any similarity between the properties of chiroactive 
sulfoxides and nitrogen oxides? 
Before discussing the responses to the above questions, it would be helpful to review 
relevant aspects of the nature and chemistry of the sulfoxide group.  
 
C S N P
O O O O
S N P
O O O
Fig. 3a Fig. 3b Fig. 3c Fig. 3d
Fig. 3b' Fig. 3c' Fig. 3d'
P
O
and
 
 
 
Figure. 5-3.  Oxides of Nitrogen, Phosphorus and Sulfur Containing Organic 
Compounds 
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Of all the functional groups in organic chemistry, morphologically speaking, four groups 
[C=O (Figure 5-3a, carbonyl), S=O (Figure 5-3b, sulfoxide), N=O (Figure 5-3c, N-oxide) 
and P=O (Figure 5-3d, phosphoryl)] are similarly constituted or isoteric and hence are 
alike in many ways.  In this respect, they exhibit some commonality in that carbon, 
nitrogen, phosphorus and sulfur are all bounded to oxygen by a multiple bond.  However, 
the nature of this bonding in the above-mentioned groups is different.  The first question 
arises:  Is this a truly double bond?   In the case of the first one, namely C=O, its bond 
length in methyl formate has been found to be 1.201Ǻ, slightly shorter than the C=O 
bond length of 1.22Ǻ for ketones and aldehydes [16].  However, it is doubtful whether 
the remaining groups represent true double bond.  In the old literature, copious 
comparison has been made between the reactions and properties of the C=O and S=O 
groups, though they are obviously dissimilar.  Even with the addition of the appropriate 
appendages to transform it to a tetrahedral carbon, the former group cannot become chiral 
unless one of the appendages is pro-chiral.  Under the same conditions, meaning with the 
addition of appropriate attachments, the sulfoxide group becomes inherently 
dissymmetric and shows optical activity.  The same can be said of the remaining two 
groups.  In other words, they too can exhibit optical activity under similar conditions. Are 
the NO and PO groups going to be VCD-sensitive just like the sulfoxides and exhibit 
diagnostics features?  This was another question that was considered worth examining. 
 
5.1.4  The S=O bond:  The sulfoxides have been ranked among the “most widely studied 
compounds.”  The bond lengths in sulfoxides are considered to be the most important 
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“structural parameter.”  The exact S = O bond length and the R1SR2 bond-angle 
depend upon the nature of groups attached to S [17].  The nature of the bond between S 
and O in organic sulfoxides is the source of its activity.  The bond configuration of 
sulfoxides is distinguished by a pyramidal arrangement with three ligands and one 
unshared pair of electrons around the central S-atom (Figures 5-4 and 5-5). This has been 
the subject of considerable and controversial debate for decades [18-20 and refs. cited 
therein.]  In the formation of the carbon-sulfur bonds, as in dialkyl or diaryl or alky aryl 
sulfides, the C – S bond is formed by the overlap of the two 2sp3 hybridized orbitals of C 
with two 3sp3 hybridized orbitals of S.  When the third bond is formed with oxygen, the 
situation becomes a little complicated.  Consider the case of dimethyl sulfoxide (DMSO).  
The carbon atoms form the bonds by the overlap of the 2sp3 hybridized orbitals of C with 
the two 3sp3 hybridized orbitals of S.  An empty 2sp3 hybridized orbital of oxygen takes 
part in bond formation.  This bond between S and O must then be a coordinate covalent 
bond carrying formal charges (Figure 5-6A or 5-6B).  When the role of the 3d orbital of S 
is taken into account, the picture becomes complicated as one of the two electrons of the 
unshared pair of the 3sp3 of S may get transferred to 3d orbital.  The O-atom is 2sp2 
hybridized with two unshared electrons (the electronic configuration of the outer shell 
being: 2s2, 2px2, 2py0, 2pz0). The σ-bond formation is by the overlap of singly occupied 
3sp3 orbital of S orbital with the singly occupied 2sp2 orbital of oxygen.  Then a π-bond is 
formed by the “sideways overlap of the 3dxy orbital of S with the unhybridized 2pyorbital 
of oxygen.”  This picture leads to a double bond between S and O with S having a shell 
of ten electrons (Figure 5-6C) [19-20].  
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Although it is a common practice to designate this linkage as a S = O (see 
below), it is not a double bond in the classical sense.  “The sulfur-oxygen bond in 
sulfoxides,” asks Liebman and coworkers, “is it a double bond or a single bond, or simple 
semi-polar bond, or a dative bond, or a coordinate covalent bond?  Should we write it as 
S=O, S – O, S+ - O-, Sδ+ - Oδ- or S O?” [21]. 
Although the sulfoxides are “differently bonded,” they suggest the use of S=O to describe 
the bond between S and O in organic sulfoxides.  However, based on the consideration of 
the measured bond lengths (see below), it is now regarded as a semi-polar bond.  The X-
ray crystallographic structure determination and neutron diffraction studies have shown 
that organic sulfoxides have the tetrahedral configuration around the sulfur atom [18, 22].  
The S–O bond length in organic sulfoxides is 1.43Ǻ , while the single bond between the 
two atoms, as in S-OCH3, is 1.70Ǻ [23].  However, it appears that the said bond length 
varies from 1.47Ǻ to 1.484Ǻ to 1.493Ǻ depending on the nature of R1 and R2 (cf. Figures 
5-5 and 5-6) attached to S, and whether they are alkyl or aryl groups [25-28].  In the case 
of diphenyl sulfoxide (Figure 5-4, R1=R2=C6H5) Abrahams was uncertain of the S – O 
bond    
S
R1 R2
O
Fig. 4 Fig. 5
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R1 R2
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H3C
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H3C
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CH3
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CH3O
_
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S
_
O
Fig. 6A Fig. 6B Fig.6C
 
Figures 5-4 to 5-6C. Showing the sulfur-oxygen bonds in sulfoxides. 
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length even with the X-ray crystallographic analysis [27].  However, the corrected 
measurements of the S O bond of p-tolyl methyl sulfoxide have been stated to be 
1.506Å.  The measured bond lengths of 1.43Å  ~ 1.497Å are shorter than the calculated 
single bond between S and O [29].  The measured dipole moment values support the 
semi-polar single bond as represented by S O [30-31].  Additional support for this 
contention comes from the infrared absorption stretching vibration frequency 1035 ~ 
1070 cm–1 [32-33]. 
 
 The answer to the second question (see pages 196-97 above) appears to be, 
probably yes, for the substituents are known to exert their effects [34-36].  Also, based on 
the consideration of gas-phase heats of formation, it has been suggested that there is some 
interaction in the vinyl sulfoxide (cf. Figure 5-7) [37].  Additional support for this 
observation comes from Jaffe and Orchin [38]. 
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Figure 5-7. Forms of vinyl sulfoxide influenced by heat. 
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5.2  Chiral Sulfoxides: Chemistry and Molecular Transitions   
Initially, what attracted our interest to this functional group was the observation that it 
endows organic molecules with interesting electrical, physical and optical properties such 
as dipole moment, charge-transfer interactions, n to σ*-transitions as it shows absorption 
around 260 nm and well documented optical activity in asymmetric compounds.  For 
example, the epi-sulfide chromophore has been stated to be similar to the carbonyl entity 
[39, 40].  The sulfoxide moiety in chiral sulfoxides has been described as “inherently 
dissymmetric” [41, 42].  An inherently dissymmetric chromophore had been described as 
a moiety whose “transitions are associated with both electric and magnetic dipole allowed 
and hence can exhibit relatively large CD-signals” [42].  The transitions that occur in the 
sulfoxide contained in the dissymmetric molecule depend on the nature of the groups 
attached to the sulfur atom.  Thus, the sulfoxide transition in dissymmetric dialkyl 
sulfoxides has been presumed to be only weakly perturbed by the alky groups and the 
same thing has been stated to be the case of dissymmetric sulfoxides containing 
unsymmetrically substituted aryl residues.   The rotational transition in both cases has 
been regarded to be small and the presence of strong coupling between the local benzene 
π π∗  and sulfoxide n π∗  excitation has been noted [43, 44].  The latter 
n π∗ transition is responsible for the UV absorption by dialkyl sulfoxides around 
220 nm  [38].  When the alkyl group(s) are replaced by aromatic ring(s), the situation 
becomes complicated due to the interaction of the aromatic ring π-system with the 
sulfinyl chromophores [45, 46].  Alka- and cyclic thiaketones have been reported to 
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exhibit ground- and excited state interactions and that these interactions between the 
alkylthio-group α- to the C=O function affects the IR absorption of the latter [47, 48]. 
 
5.2.1.  The Chemistry of the S(O) Group:  The chemistry of sulfoxides has been 
discussed in detail [18, 49, 50].  Andersen was one of the first to report on the strong 
negative Cotton effects of the chiral sulfoxides [51].  The sign of the Cotton effect is 
supposed to express the absolute chirality of the sulfoxide chromophore and the Cotton 
effect has been stated to be unaffected by minor variations of the basic chromophores 
such as branching of the alkyl side chain [52b].  This also implies the presence of the 
effects of conformation and configurations on the sign and magnitude of the Cotton 
effects.  In a classical paper, the ORD of sulfoxides has been investigated in terms of the 
Cotton effect [53].  
The popularly employed Andersen synthesis of chiral sulfoxides has been shown 
to be highly stereospecific and that it occurs with complete inversion of the configuration 
at sulfur [54-56].  Circular dichroism measurements also support the above conclusion 
[56].  The absolute configuration of the Grignard reaction product has been conclusively 
established via its X-ray crystal structure determination [57].  
Since the presence of the sulfoxide moiety in chiral compounds nicely lends itself 
to the preparation of biologically interesting organic compounds via the transfer of 
chirality from sulfur to carbon, considerable interest has manifested in the 
diastereoselective synthesis and biotransformation of chiral sulfoxides [58-61].  One of 
the earliest methods of preparing chiral sulfoxides made use of chiral peracids to oxidize 
pro-chiral disulfides [62-64].  These early, less reliable oxidation procedures, have been 
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replaced by highly dependable chiral oxidizing agents [65-67].  The modified 
Sharpless method of oxidation has also been described [68-69].  A unique 
electrochemical enzymatic system composed of a glassy carbon electrode, methyl 
viologen as the mediator and DMSO-reductase as a catalyst has been used to furnish 
chiral sulfoxides with an ee > 97%. [70].  The synthetically useful gram-scale 
electrochemical enzyme reduction preparation involves the reduction of the racemic 
mixture and chromatographic separation or capillary electrophoresis [70, 71].  Although 
several methods are available for the preparation of chiral sulfoxides [71-75], it must be 
stated that the process first described by Andersen still remains the most popularly used 
method [76].  In view of low yields and other complications, the use of organolithium 
cuprates, instead of the Grignard reagents in the above preparation, has been suggested 
[77].  An interesting approach involves stereospecific synthesis of sulfinates via BF3-
etherate catalyzed alcoholysis of chiral sulfinamides [78].  Another version involves the 
in situ generation of the sulfinamide intermediates by the treatment of sulfinates with 
diethylaminomagnesium halides, followed by alcoholysis in the presence of strong acids 
[79].  A slightly modified version of the above makes use of the reaction of chiral 
sulfinamides with organolithium reagents [80].  Direct C-sulfinylation of the Grignard 
reagents and enamines in the presence of activating reagents has been reported [81].  
The use of chiral sulfinate esters in the Andersen process can be replaced with the 
synthesis of the racemic product followed by optical resolution of the racemic sulfoxides 
formed during the oxidation of the sulfides into pure enantiomers.  In fact, it has been 
claimed that 100% pure enantiomers can be obtained through complexation of the 
racemic mixture with 2,2’-dihydroxy-1,1-binaphthyl [82].  
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Chiral recognition and resolution of racemic sulfoxides using chiral alcohols 
and the separation of isomers with the aid of high pressure liquid chromatography 
(HPLC) has been reported [83].  In the formation of the complex with metallic salts, in 
general, the bonding occurs between the oxygen atom and the metallic atom.  However, 
infrared studies have indicated that this bonding can also occur between the sulfur atom 
and the metallic atom [84, 85].  It has been reported that both O- and S-coordination to 
Pd (II) may occur with the same substrate, namely 2-(ethylsulfinyl)pyridine N-oxide 
(Figure 5-8B)  β-ketosulfoxides and (2-alkylpyridyl) sulfoxides (Figure 5-8A) have been 
described to form ligands with sodium [86, 87].  2-Pyridylsulfoxides (Figure 5-8C) have 
found application as catalysts in the bi-phase alkylation of phenylacetonitrile and 
phenylacetone using primary and secondary alkyl halides [88]. 
Figures 5-8A and B show the chelation of the metal with the sulfoxide moiety, 
while Figure 5-8C describes the chelation between the metal, the nitrogen atom of 
pyridine and the sulfoxide substituent. 
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Figure 5-8. Chelation of metal with sulfoxide examples 8A - 8C. 
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5.2.2  Section B 
The P=O Bond:  The P =O bond has been generally recognized to be a very strong bond 
[89, 90].  This strength is said to provide the driving force for the popular use of the 
tetravalent phosphorus compounds to de-oxygenate N-oxides and sulfoxides [91].  In the 
literature, this bond has been represented by both a semi-polar bond (P O) as well 
as a classical double bond (P =O).  The third way of writing it is as a resonance structure 
with the bond being formed by the joining a pair of oxygen electron with 3d orbital of P 
in what is known as “back bonding.”      
R3P O
+ -
R3P O
 
Unlike the conventional double bond between carbon and carbon or carbon and 
oxygen, which undergoes such reactions as the addition reaction, the phosphoryl double 
bond (P=O) does not.  Thus, the double bond in RO-P=O type-compounds has been 
described as a true double bond [92].  The use of computational methods, has led to  
questioning the possibility of d-orbitals forming the valence bond with oxygen [93].  A 
new approach involving the interaction of the 2p orbital of oxygen with the anti-bonding 
orbital of the trivalent P has been advocated [94].  Later calculations have led to the 
suggestion that a σ bond between P and O gives rise to the polar structure R3P+ - O-, and 
that the two interact to shorten the bond and to give it the appearance of the double bond 
[95, 96].  This double bond representation has been stated to derive support from the high 
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dipole moment and the ease of formation of hydrogen bonding via oxygen [97].  
Based on the EPR (electron paramagnetic resonance) data, a radical cation structure 
[R3P+ - O. ] has been favored instead of the double bond arrangement [98].   In summary, 
we have yet to know the true nature of this bond. 
Direct “unprecedented” configurational correlation of sulfoxides and phosphine 
oxides via intersystem comparison of the signs, shapes, positions and relative intensities 
of the Cotton effects has been reported [99].  In fact, it is this report that led us to 
examine and compare the VCD characteristics of the three said functional groups.  The 
rotational strengths of the sulfoxides have been noted to be twice the respective 
phosphine oxides (cf. Figure 5-9).  Similar ORD effects have been observed between 
phenyl dialkyl phosphine oxides and phenyl dialkylamino-oxides [100-101]. 
 
5.2.3  Section C: 
The bond between N and O in N-oxides (Figure 5-10):  These are organic compounds 
of nitrogen, with an unusual characteristic of being an oxide of tetrahedral nitrogen.  The 
terminal oxygen possesses its lone pair of electrons and the oxygen atom of the N-oxides 
can serve as an electron withdrawing entity as well as an electron-donor and with a dipole 
moment of 4,24 D [102].  The strengths of the C=O and N=O  
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Figure 5-9. Circular Dichroism (CD) spectra illustrating rotational strengths for 
selected sulfoxides and phosphine oxides. 
 
 
bonds have been stated to be 753 KJ/mole and 586 kJ/mole, respectively [103]. The N-
oxides have found application in the generation of double bond compounds and their 
interesting chemistry has been reviewed [104].  
     
N O
+ -
:
:
:  
 
Figure 5-10.  N-Oxide basic structure 
 
 
5.2.4  Section D 
Hydrogen Bonding:  In the presence of donors and metal salts, the sulfoxides 
respectively form hydrogen bonds and metal complexes using either oxygen or sulfur 
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[105].  With metallic salts such as PdCl2, strong bonding occurs between sulfur and 
the metallic atom; while with alkali metallic salts, the metal links up with the oxygen 
atom.  It has been further reported that organic sulfoxides form strong hydrogen bonding 
and self-association products.  The ability of the organic sulfoxides to form hydrogen 
bonding, in the presence of Lewis acids and metallic salts and detection of hydrogen 
bonded sulfoxides bond, has been reviewed [106, 107].  The formation of self-association 
products has been examined via the measurement of the dipole moment and infrared 
absorption [108].  The IR stretching frequency of the S O group of DMSO 
(dimethyl sulfoxide) is seen at 1102 ~ 1103 cm-1 in the gas phase and shifts to lower 
frequency in CCl4 (1070 ~1075 cm-1) indicating the self-association of DMSO [109].  
Further frequency shifts to lower frequency (1050 ~ 1000 cm-1) were observed in aprotic 
solvents.  Thus, hydrogen bonding affects the stretching frequency of the S O 
bond and hence serves as a measure of the strength of intermolecular and intramolecular 
hydrogen bonding.  Table 5-3 describes the influence of hydrogen bonding on the IR 
frequencies [110-112].  The effects of the ring size on the hydrogen binding ability of 
cyclic sulfoxides and ketones has been examined and found to follow similar patterns.  
Based on these results, sulfoxides have been stated to be similar to compounds containing 
the C=O and P=O moieties [113].  The influence of configurational and conformational 
effects on hydrogen bonding has also been examined and the preponderance of the axial 
conformer at very low temperatures has been attributed to hydrogen bonding [114, 115].  
It would be interesting to examine the effect of hydrogen bonding on the S→O 
absorption frequencies and the corresponding VCD spectrum.  
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S
CH3
O
γ  CCl4 cm-1 γ sym CCl4 cm-1100xΔγ/γ  CHCl3
S
CH3
O
S
O
1055 2 1144 0.9
1055 1.9 1160 -
1055 1.6 1164 0.4
 
Table 5-3.  Effect of Hydrogen Bonding on IR-S(O) Stretching Frequency [114-115]. 
 
 
 
The presence of strong intramolecular hydrogen bonding in β- and γ-hydroxysulfoxides 
has in fact led to the isolation and characterization of the isomers (Figure 5-10) [116].  
Even 13C-NMR has been used to study the effect of hydrogen bond on the chemical shift 
[117].  Examination of the effects on 13C-NMR signals in the presence of oxygenated 
compounds has led to the inference that the sense and the magnitude of the shifts depend 
on the position of carbon atoms and the nature of the substituents.   
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5.3   Part II 
 
This part, as stated in the introduction, examines the effect(s) of the substituents 
on the VCD signals of chiral esters including cyclic esters, namely chiral lactones.  The 
hydroxyl group present on the chiral carbon lends itself nicely to the attachment of the 
chromophoreic entities.  This has been documented in the studies of the CD excitation 
chirality directed at the determination of the absolute configuration of cyclic and acyclic 
allylic alcohols [9].   In the case of allylic benzoates, π to π *, the LR transition interacts 
with the double bond π to π * to give a negative Cotton effect in the LR band region.   
5.4  Part III 
 
VCD of Knovenagel Condensation Products:  Finally, Part III covers the VCD study of 
the Knovenagel condensation products formed by the reaction of reactive methylene 
esters with the carbonyl compounds.  In this chapter, Part I Section A, are listed eight 
questions.  The first question is about the sensitivity of chiral sulfoxides to VCD.  A 
review of the published literature indicated that practically very little work has been done 
on this score, namely the VCD of chiral sulfoxides.  However, it must be stated here that 
CD of optically active sulfoxides and the use of the same in deciphering their 
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Figure 5-11.  Hydrogen Bonding 
 
 
 
stereochemistry has been reported [119-121].  With a view to obtain a satisfactory answer 
to the above question, the preparation of several acyclic and cyclic optically active 
sulfoxides have been prepared (cf. Figure 5-12).  Of the six acyclic sulfoxides, d- and l-
enantiomers of methyl phenyl sulfoxides were a gift from Professor G. H. Posner, Johns 
Hopkins University.  Vinyl-, cyclopropyl-, cyclobutyl- and cyclopentyl-p-tolyl sulfoxides 
(12, 13, 14 and 15) were obtained using the classical Andersen procedure via the reaction 
of the respective Grignard reagents with p-tolyl menthylsuflinate (11).   In view of the 
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reported interesting CD spectral characteristics of the substituted phenylthiiranes 
[122], d- and l-isomers of methyl thiirane carboxylates (2 and 4) and camphor 
thiooxiarene (7) were prepared as described earlier [123, 124]. The phenyl substituted 
thiiranes have been reported to show a “positive transition” between 260 ~ 280 nm in 
their CD spectra, while the 1,2-diphenyl methyl thiirane exhibited it around 280 nm.  
This observation has led to the implied interaction between the aromatic and the thiirane 
rings.  The VCD spectral analysis of 1,2-dimethylthiiranes and the ab initio calculations 
employing vibronic formalism have been published [125].  
The thiiranes synthesized as stated above were oxidized to their corresponding 
sulfoxides (2 and 4) using either m-chloroperbenzoic acid or hydrogen peroxide as 
described in the experimental section of the previous chapter.  Though the preparation of 
12 [126], 13 - 15 [127] has been previously reported, the correct αD values of the last 
three compounds have not been recorded.  Compound 12 was prepared to discern and to 
detect the interaction between the π-bond and the unshared pair of electrons of the 
oxygen atom using IR and VCD spectral data.  It has been inferred that such an 
interaction does exist in vinyl sulfoxides (Figure 5-7).  The examination of the UV 
spectra has led to a similar conclusion [128-130].  
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Figure 5-12. Chiral Sulfoxides used in the study 
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Based on the comparison of the IR absorption frequencies of 9, 10 and 12, 
vibrational assignments associated with the VCD transition can be determined and 
correlate back to the UV observations.  It has also been reported that modification of the 
alkyl side chain attached to chiral sulfoxide molecule, does not make any significant 
difference in their CD spectra [130].  Compounds 13, 14 and 15 were synthesized to see 
whether modifications of the cycloalkyl moieties attached to the chiral sulfoxide group 
would make any observable difference in their IR and VCD spectra. For the comparison 
and evaluation, the necessary measurement must be performed. 
Next, a number of chiral N-oxides were prepared (Figure 5-13).  As stated earlier, 
the two functional groups, namely the sulfoxides and the N-oxide, are isomorphic or 
morphologically similarly constituted (Figure 5-3).  Since both sulfur and nitrogen atoms 
are bonded to oxygen by a coordinate covalent bond, it was considered interesting to 
compare and contrast their IR and VCD spectral characteristics.  In other words, to see 
whether similar conclusions could be drawn from the examination of the IR and VCD 
spectra.  To this end, as in the case of the sulfoxides, acyclic and cyclic N-oxides must be 
obtained.  Both (R)-(+)- and (S)-(-)-N,N-dimethyl-1-phenylethylamines are commercially 
available products.  They can be converted into their N-oxides by treating a chilled 
solution of the substrates in chloroform with m-chloroperbenzoic acid and stirring the 
solution for 3 to 4 days at room temperature.  L-Proline methyl ester prepared from the 
naturally occurring amino acid, L-proline, is readily oxidized to its N-oxide using 
conventional methods.  Also, the said substrate can be reduced as described in the 
narrative text to 2-hydroxymethyl-N-methylpyrrolidine, then the hydroxymethyl group 
was transformed 
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Figure 5-13. Chiral N-Oxides Used in the Study 
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into a methyl group.  The latter can also be further oxidized to its N-oxide.  A similar 
sequence of reactions shall be applied to N-methylpipecolic acid to furnish the N-oxides 
of methyl pipecolic ester and 1, 2-dimethylpiperidine.   This is appropriate since, it has 
been known that the N-oxides form hydrogen bonding, 2-hydroxylmethyl N-oxides of 
pyrrolidine and piperidine were also obtained to examine intramolecular interactions, 
namely hydrogen bonding and the effect of the hydrogen bonding on their IR and VCD 
absorption frequencies. 
Chapter 4, Figure 4-11, describes the structures of some 14 esters (2 ~ 15) and 3 
cyclic esters (lactones) (50~52), which should be examined to determine the overall 
effects of the substituents on the absorption frequency as well as VCD for the carbonyl 
group.  It has been stated that the substituents indeed induce such effects [conclusion 
from chapter 4 this dissertation].   In fact, the preparation of compounds (13) and (14) has 
been previously described [131, 132].   Compound (15) has been described previously.  
The synthesis of the menthylates (2 ~16) is simple and straightforward.  The preparation 
of the lactones (50 [133c] and 51-52 [134d]) has already been reported [133, 134].  Five 
additional compounds (8-12) were also synthesized via the Knovenagel condensation of 
the respective aldehydes with menthyl cyanoacetate (2) in the presence of freshly 
prepared activated alumina-bead powder, followed by chromatography over silica.  All 
compounds prepared in this laboratory have been characterized by their mass spectra as 
described in the experimental section (this dissertation Chapter 4). 
Particular attention is drawn to the IR and VCD spectra of menthyl acrylate (1) 
and menthyl cyclo-propanoate (18).  The presence of the cyclopropyl entity in a molecule 
seems to “exert considerable influence on the chemical shifts of the neighboring protons” 
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[134-135].   The cyclopropanyl group has been described to behave like a carbon-
carbon double bond [136].  Thus, it was considered interesting to see whether this 
inference can be verified by VCD evidence [137].  VCD measurements reported 
previously support this contention.  It must be stated here that isomeric mixture of 
menthyl cyclopropanates could not be separated either by TLC or by column 
chromatography. An explanation for the presence of two stereomers of menthyl 
cyclocaboxyl chloride (shown below) procured from commercial sources and used in the 
reaction might be a mixture of isomeric compounds as depicted below.  Chiral center α- 
to the C=O group is an epimerizable carbon. In the present of the base used in the 
reaction, the chiral center might have partial epimerization. If the latter is true, then why 
do we not observe the presence of stereomers in the case of cyclobutyl and cyclopentyl 
derivatives? The only explanation we can come up with is the interplay of steric 
crowding by the increasing ring size. 
 
Cl
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Cl
OH
 
 
 281
 Even in GC they elute very close to each other (retention times differ by a 
few seconds).  It is considered and we conclude this would not make a significant 
difference on the overall effect.  In this context, it is worth mentioning that the IR and 
VCD spectra indeed reflect the interaction between the carbonyl group and the carbon-
carbon double bond of menthyl acrylate as compared to the spectra of menthyl acetate.  
However, the spectra of the benzylidene nitrile esters (see Chapter 4, Figures 4-10, 4-11, 
and 4-34) reflect another interesting observation.  The presence of the electron 
withdrawing group (CN) on the vinylic double bond appears to diminish the intensity of 
the interaction between the carbonyl and the carbon-carbon double bond as reported this 
dissertation chapter 4. 
 
 
 IR and VCD of P=O Group Containing Compounds 
To the best of our knowledge, to date, no VCD spectra of P=O group containing 
organic compounds are available.  To complete this picture, a few chiral phosphine 
oxides and phosphinates (Figure 5-14) were also prepared to compare their IR and VCD 
properties with those of the sulfoxides and N-oxides.  The IR absorption for the P=O 
bond has been reported to be displaced by as much as 60 cm-1 by the presence of a 
substituent next to the phosphorus atom [138-141].  A strong broad band is usually seen 
around 1270 – 1295 cm-1.  “An unmistakable shift of the phosphoryl absorption from 
1270 to about 1300 cm-1 in CCl4” has been attributed to the solvent effects.  The dipole-
dipole interaction (see below) of the phosphoryl groups has been reported in the case of 
dialkyphosphine oxide [142].   
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As mentioned in the introduction, in the past, the sulfoxide moiety has been compared to 
the carbonyl function.  Evaluation of the P=O system using the compounds would 
complete the overall evaluation of the various systems and provide tremendous insight 
into the correlation of these systems (i.e. C=O, S=O, N=O and P=O). 
 In summary, the use of VCD spectroscopy can be applied to the evaluation of the 
environmental effect occurring at and around the chiral center.  The technique in 
conjunction with computational chemistry is a valuable tool for observing subtle changes 
produced by functional groups around the molecule’s chiral position.  The next logical 
follow-up to this research and virgin areas of investigation are the lactones, S=O, N=O 
and P=O systems, especially if the intent is to use the tool as a means for investigating 
biological systems.  This is the general trend for and has resulted in the 
commercialization of both Raman and Ultra Violet Vibrational Circular Dichroism 
instrumentation and improved computational chemistry software to accommodate the 
parallel theoretical investigation. 
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Figure 5-14. Chiral Phosphorus Compounds 
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5.5 Summary Conclusion:  
 
 Investigation of chemistry using the vibrational circular dichroism technique is an 
interesting and fruitful area of research.  Above is cited a few of the many questions, 
which can be address using the technique.  Other spectroscopic techniques such as 
Raman and Ultraviolet spectroscopy are now very common measurement approaches. 
The use of computational chemistry still remains a critical component in assisting the 
researcher with data interpretation.  We have applied visual inspection as well as 
computational chemistry to evaluate the results obtained in the research.  Those same 
techniques shall be useful in any future studies. 
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Appendix A.  An Independent Research Proposal 
(As part of Candidacy Requirements) 
Successfully presented and defended 
 
Interfacing a Gas Chromatograph to A Microwave Spectrometer: 
Collection of GC Microwave Spectrum 
 
Introduction 
 Gas Chromatography (GC) is a well-established separation technique and has 
proven to be a powerful, reliable and useful technology for volatile and semivolatile 
compounds. It has been applied to chemical nerve and blister agent analysis1, drugs of 
abuse2, and petroleum distillate separation3. The separation capability achieved with GC 
has resulted in combining GC with detectors such as Mass Spectrometers (MS), Flame 
Ionization (FID) and Flame Photometric (FPD) as well as Infrared (IR) Spectrometers4. 
Detectors such as the FID and FPD provide quantitative information about a specific 
analyte5-10. In general, the mass spectrometer and infrared spectrometer provide 
qualitative information, which allows one to infer the structural arrangements of atoms 
and groups4, 11-15. 
 Emerging as a new spectroscopic technique for volatile and semivolatile 
compounds is Microwave Spectroscopy. The technique is defined as the high-resolution 
absorption spectroscopy of molecular rotational transitions in the gas phase16. The term 
Molecular Rotational Resonance Spectroscopy is also used because it is more suggestive 
of the molecular mechanism involved. Molecular Beam Microwave (MBM) spectroscopy 
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techniques have recently been developed17. MBM spectra are measured in the 
frequency range of electromagnetic radiation from 3 GHz to 1000 GHz.18-22. 
 Microwave spectrometers are generally built by research laboratories and have 
been operated up to a frequency of 100 GHz using wave-guide techniques for the 
transmission of microwave radiation.  For frequencies above the 100 GHz range quasi- 
optical methods are required23. The range between 8 GHz and 40 GHz is where rotational 
transitions of low quantum number are usually found. For this reason the focus shall be 
on spectrometers that use the wave-guide approach for the transmission of microwave 
radiation.  
 Currently, to take advantage of this technique purification steps are necessary 
prior to measuring the compound’s rotational spectrum. These steps involve repeated 
freeze thawing at reduced pressures, vacuum distillation or various chromatographic 
approaches to remove any unwanted components which interfere with the microwave 
spectrum by adding their own transitions to the observed spectrum. This resulting pure 
material is then diluted with an inert gas prior to measuring the microwave spectrum. 
Once an accurate spectral assignment is made, MBM can be used routinely to obtain 
general information such as how much of compound A is present or is this the of 
compound of interest. While FID, FPD and MS would be chosen because of the need for 
purification with MBM, for on-line monitoring of an assigned spectrum MBM offers 
greater advantage.  Unlike the other techniques, other than contributing additional lines, 
interferences do not affect the rotational modes of the subject species.  Hence, once a 
microwave spectrum is assigned the appearance of a transition of the proper position and 
intensity is an unambiguous indicator of the presence of a compound/agent. What MBM 
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can not do is physically separate components in isomeric species. The advent of faster 
and ease of computational chemistry programs allow determination of intermolecular 
distances and bond angles. MBM is an ideal source for quantitative and qualitative 
structural information since this type of information is directly attainable from the 
rotational spectra of a pure substance1.   
The results, when compared to theoretical computations, allow the researcher to 
unambiguously assign bond angles and bond lengths and thus molecular structure. There 
is no single method currently available that will provide rapid determination of MBM 
spectra for compounds in the gas phase. Without the proper purification techniques the 
quantitative structural information is often confused with rotational bands belonging to 
impurities. Using sufficient purification is critical in obtaining data from MBM that 
allows determination of the moment of inertia, bond length and bond angles 
quantitatively.  
THEORY 
 Microwave spectroscopy is defined as the high-resolution absorption 
spectroscopy of molecular rotational transitions in the gas phase24. Rotational spectra like 
absorption spectra is determined by Bohr condition:  
Hν (sec-1) = E1-E11 
Where, E1 and E11 are energies of the upper and lower levels between which the 
transitions occur24. For rotational energy, the general case used to depict what occurs is 
the diatomic molecule. In quantum mechanics this type of molecule is viewed as a system 
of particles separated by a fixed distance r, rotating about an axis through its center of 
gravity and perpendicular to the axis. This is expressed as: 
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Ej = [J (J+1) h2] /8π2 I 
Where, J = integral values 0,1,2,3… is the rotational quantum number, and I = moment of 
inertia of the molecule. By this equation, the moment of inertia is inversely proportional 
to the change in transition energy. It is this quantity (moment of inertia) which 
determines the position of the rotational spectrum. The selection rule for the permitted 
change in J determines the closeness of lines corresponding to the rotational transitions24. 
 To illustrate, for a rigid diatomic molecule undergoing purely rotational 
transitions, the change permitted in J is ΔJ = + 1 and the absorption line of the longest 
wavelength in the rotational spectrum corresponds to the change in J from 0 to 1. By 
definition: E0 = 0 and E1 = 2h2 / 8π2 I, defining the frequency of the first pure rotational 
line as ν (sec-1) = 2h /8π2 I. The corresponding wavenumber is defined as:  
                                      ν (cm-1) = 2h / 8π2 Ic = 2B,   where B = h / 8π2Ic.  
Proceeding in this manner for transitions of J = 1, J = 2, J = 3, etc., it is seen that the pure 
rotational spectrum for the diatomic molecule consist of a series of lines at wavelengths 
2B, 4B, 6B, etc. with a constant separation of 2B24. The key to this concept is the spacing 
observed in the rotational spectrum, which is inversely proportional to the moment of 
inertia.  The pure rotational spectrum, therefore, furnishes a means of measuring the 
moment of inertia and from that, the internuclear separation of the di, tri and polyatomic 
molecule. The above-defined equation, (Ej = [J (J+1) h2] /8π2 I) depends on the structure 
and bond-lengths of the molecule. Specific moment of inertia’s defined in terms from 
classical mechanic expressions are presented in Table 1. 
 As the molecule becomes larger the expression becomes harder to solve. This 
problem is why computational chemistry is so important. From the measured moment of 
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inertia, fixed constraints are placed on a molecule’s X, Y, and Z coordinates. Then, 
using a simple parameterized Hamiltonian a compound’s structure is determined within 9  
 
 
 Table 1:  Moments of Inertia; Expressions show how the equation for the moments of inertia varies with compound structure.  
From P.W. Atkins Physical Chemistry Oxford Publishing 1978 
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decimal places25.  The computational chemistry calculations have vastly improved 
with the technological changes made in computer industry. To take advantage of this 
quantitative detection technique, separation of interfering compounds is required. 
 Chromatography is a separation method that relies on differences in compound 
partitioning behavior between a flowing mobile phase and stationary phase to separate 
the components in a mixture. For components in the volatile to semivolatile vapor 
pressure range, gas chromatography is the separation technique most often applied. For 
this technique the mobile phase is a gas and the stationary phase is a liquid coated on a 
solid support.  Figure1 is a schematic of a Gas Chromatograph. 
              Figure1: General depiction of a Gas Chromatograph. Schematic was taken from Web-Site   
 www.scim.edia.com January 1999. 
 
 
 Separation of a chemical solution occurs due to the differences in physical or 
chemical properties of the individual components comprising the solution. Some useful 
chemical properties by which compounds are separated are solubility, boiling point, and 
vapor pressure. The processes making chromatography possible are rooted in partition 
theory. This can be summarized as the distribution of a solute (S), between two 
immiscible solvents in an equilibrium condition described by the following:  
 300
K =[Sorg] / [Saq] 
[Sorg] and [Saq] are solute concentrations in the organics and aqueous phase respectively.  
The equilibrium constant K is termed the partition or distribution coefficient. Partitioning 
of a solute between two phases is the basis of chromatography. In the case of gas 
chromatography, the solute’s partitioning occurs between the carrier gas and the (liquid) 
column phase26. 
EXPERIMENTAL PROPOSAL 
 The purpose of this proposal is to investigate the feasibility of interfacing a 
molecular beam microwave spectrometer to a gas chromatograph for rapid detection of 
isomers and specific analytes in complex mixtures. MBM is one of the few techniques 
that can be used to identify isomers such as a C5H10 isomer in a mixture of C5H10 isomers 
without prior separation. This is possible after structure assignments have been 
completed. The structure assignment is currently a lengthy process and one of the reasons 
MBM has not become a readily available commercial analytical technique. To physically 
separate various isomers from a mixture and provide rapid MBM spectroscopy and 
structure assignment the use of gas chromatography (GC) is proposed. The use of MBM 
provides the quantitative information needed for structural elucidation and can be 
achieved faster with the use of gas chromatograph prior to MBM spectroscopy.  The 
application of GC solves the problems associated with isomers and impurities causing 
misidentification during initial elucidation of a particular bond assignment or compound 
structure. The proposed solution is to use an interface for GC equipped with a column 
that has a stationary phase developed for isomer separation. This technique does not 
require pre-purification steps such as compound distillation or freeze-thaw under vacuum 
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to remove the more volatile analytes prior to MBM analysis. Using the GC to 
separate the complex gas mixture and designing an efficient interface to the MBM will 
allow the separated components or those components of interest to be individually 
detected and their MBM spectra to be acquired. The GC interface for the MBM would 
require an external thermocouple controlled heater to prevent compound condensation 
and loss of peak-to-peak resolution obtained through the chromatographic processes. A 
switching valve may also be required to divert unwanted compounds from entering the 
MBM spectrometer. MBM spectrometers have not been used as a GC detector nor has a 
MBM spectrum been acquired of isomers from the same sample environment. Therefore, 
the focus of this paper is to describe the use of MBM to detect isomers, stereoisomers and 
sample impurities using GC with specialized columns to purify via separation of the 
sample prior to collection of MBM spectra.  
The rotational spectrum should be easily determined and differentiated from other 
chemical compounds present. Compound differentiation is easily assessed due to the high 
degree of spectral frequency accuracy. Ideally, no significant difference in the peak 
locations (spectral bands) should be observed when compared with spectra generated in 
the traditional fashion. The proposed methodology will describe the Gas Chromatography 
Molecular Beam Microwave (GC/MBM) interface, chromatographic conditions and 
MBM modifications necessary to obtain GC/MBM spectra.  
 A military chemical compound known to have 4 isomers will be used to evaluate 
the effectiveness of the proposed approach. The military, related agencies and various 
departments of defense contractors synthesize the compound reported in the literature 
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27, 28 .  For this study, the chemical agent Soman [pinacolyl 
methylphosphonofluoridata] (GD) shall be used as the test case. It is a good candidate 
because the synthesis of Soman yields a mixture of four stereoisomers. The general 
structure of Soman is depicted in Figure 2.  
H3C P
O
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F
CH3
CH3
H3C
CH3
H
 
Figure 2. Structure of Soman (GD). 
 
These stereoisomers can be separated using a derivatized cyclodextrin column29. 
Configuration and set-up of the gas chromatograph shall be performed using established 
experimental parameters29: 
 Column Length  20 meters 
 Internal Diameter  0.25mm 
 Film Thickness  0.125 micron 
 Carrier Gas   Neon-Helium 
 Linear Velocity  20-23cm/sec 
 Isothermal Temperature   80 degrees C   
 Column Phase   Triflouroacetyl Cyclodextrin 
The cyclodextrin stationary phase is produced by a circular linkage of six, seven, or eight 
glucose units termed α, β and γ respectively. The glucose units join at the α-1,4 linkage 
to form the cyclodextrin. It is the hydroxyl group of the cyclodextrin that is derivatized at 
the 3 position that provides the selectivity factor for the separation of the isomers. 
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Because this type of column provides the necessary selectivity to separate, the time 
needed to purify compounds is drastically reduced (minutes versus days) by using gas 
chromatography. Once separated, the analytes exit the end of the column and enter the 
molecular beam microwave spectrometer. A schematic diagram of a MBM spectrometer 
is shown in Figureb3 30. 
 
 
 
 
 
 
 
 
 
Figure 3 Schematic diagram of the microwave components used in the Fourier Transform microwave spectrometer30. 
  
The instrument consists of a Fabry-Perot microwave cavity formed by two aluminum 
mirrors. The mirrors are placed in a vacuum chamber that is pumped by a diffusion 
pump. A pulsed molecular beam valve is used to control sample introduction. The valve 
for introduction of chromatographed sample is mounted so that a molecular beam is 
introduced into the Fabry-Perot cavity. Pulses of the gas sample are delivered through a 
1mm-diameter hole in the mirror parallel to the cavity axis30. The sequence of events as 
the chromatographed peak exits the column involves:    
1) a gas pulse from the nozzle 
2) a microwave pulse to excite the molecules 
3) subsequent detection of the free-induction decay in a heterodyne 
receiver. 
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As described by Suenram31, “Microwave radiation from the microwave synthesizer is 
pulsed into the microwave cavity, which is tuned to the microwave frequency, by 
opening the microwave switch for a shot time (1 to 5 μsec) when the molecules from the 
nozzle are in the cavity. This generates a Fourier component of microwave radiation to 
cover ~1MHz in bandwidth. If the molecules in the molecular beam have rotational 
transitions within the bandwidth of the microwave region they are pumped by the Fourier 
components of the microwave radiation that has been pulsed into the cavity. After a few 
microseconds of delay, the cavity is digitized for several hundred microseconds. Once the 
decay signal has been stored in the computer it can be Fourier transformed into the 
frequency domain30.  A typical Fourier Transform signal is shown in Figure 4.  
      
Figure 4 Left trace shows the OC36S J=1← 0 rotational transition in time domain. The signal digitized at 125 Ns/point for 4096 points. 
Right trace is the Fourier Transform  (frequency domain) of the left trace. Two components result because the molecular beam is 
raveling down the cavity axis and it is being probed by microwave pulse which is resonating in the Fabry-Perot cavity, thus producing 
Doppler components30. 
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This type of signal shall be compared to determine spectral degradation before and 
after the MBM is interfaced to the gas chromatograph. Additional modifications to the 
spectrometer for successful MBM spectroscopy include heating the inlet and exit lines of 
the nozzle to prevent analyte condensation and inserting the capillary column through the 
gas line currently used for sample introduction to a proper position to prevent loss of 
chromatographic resolution. Computer-controlled scanning is necessary. For GC/MBM 
the computer is used to step the synthesizer, step the mirrors and initiate the pulse 
sequencer. Using computer-controlled scanning in principle, the cavity can be scanned 
the length of travel of the mirrors. This corresponds to several hundred megahertz 
scanning range. This is a dramatic improvement over the typical (25KHz-500KHz) small 
steps, which is the common practice32. Once the technique is proven to work, other 
applications including chemical plant monitoring and process quality control / quality 
assurance are feasible. 
Conclusion 
 For MBM, GC offers many advantages compared to current detection of 
compounds using their dipole moment and moment of inertia as the mechanism for 
obtaining selectivity. Quantitative and qualitative analysis is possible using microwave 
spectroscopy. Quantitatively, the intensity of the rotational band can be compared to the 
total analyte using a standard curve. Qualitative analysis is based on the spectral band 
position in the microwave region of the spectral frequency range. The use of GC makes it 
possible to analyze samples rapidly without the lengthy sample preparation currently 
performed. If proven successful, GC with MBM detection can be used to monitor gas 
 306
emissions and to determine the stereo-chemical structure of compounds that are too 
difficult to isolate or too costly to purify. It has strong applications to the synthetic 
chemist as well. 
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Appendix B.  Acronyms 
 
 
B3LYP Becke 3 Lee Young Parr approach 
 
BaF2  barium fluoride 
 
CaF  calcium fluoride 
 
CD  circular dichroism 
 
DCC  dicyclohexycarbodiimide 
 
DFT  density functional field theory 
 
DMSO  dimethyl sulfoxide 
 
DVS  di-vinyl sulfone 
 
ECD  electronic circular dichroism 
 
FDCD  fluorescence detection circular dichroism 
 
FTIR  Fourier transform Infrared  
 
GC  gas chromatograph 
 
HCl  hydrochloric acid 
 
HD  distilled mustard 
 
Hg  mercury 
 
HP  Hewlett Packard 
 
HPLC  high pressure liquid chromatography 
 
KBr  potassium bromide 
 
MCT  mercury cadmium telluride  
 
MI  matrix isolation 
 
MP2  Moller-Plesset 2nd order perturbation theory 
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MS  mass spectrometer 
 
Na  sodium 
 
NaCl  sodium chloride 
 
NIST  National Institute of Standards and Technology 
 
NMR  nuclear magnetic resonance 
 
ORD  optical rotary dispersion 
 
P-E  Perkin-Elmer 
 
PEM  photoelastic modulator 
 
ROA  Raman optical activity 
 
SRI  Stanford Research Instruments International 
 
TCD  thermo conductivity detector 
 
TGS  triglycin sulphate 
 
TMS  tetramethylsilane 
 
UV  ultra violet 
 
UVCD  ultra violet circular dichroism 
 
VCD  vibrational circular dichroism 
 
VOA  vibrational optical activity 
 
 311
Vitae 
Name:  Michael Wayne Ellzy 
Born:  20 July 1956, Abington, Pennsylvania 
Citizenship: United States 
 
Address: 1413 Hardley Cout,  
  Bel Air, MD 21014 
  
  Edgewood Chemical Biological Center  (ECBC) 
  AMSRD-ECB-RT-PC, 5185 Blackhawk Road 
  Aberdeen Proving Ground, MD  21010-5424 
 
EDUCATION:  
Institution    Dates        Degree 
 
Bloomsburg State College  June 1975-1977 
Temple University   Sept. 1977- May 1982 B.A. Chemistry 
Centeral Michigan University Sept. 1984- May 1988 M.S. Administration 
Drexel University   Sept. 1990- March 1994 M.S. Chemistry 
Drexel University   Sept. 1999- June 2006  Ph.D.Chemistry 
 
PROFESSIONAL EXPERIENCE: 
Institution    Dates    Position 
 
United States Army   Sept. 1982- 1986  Science Specialist 
GeoCenters Corp.   Nov. 1986- 1987  Analytical Chemistry 
Edgewood Chem Bio Ctr  April 1987- Sept. 1995 Research Chemistry  
Edgewood Chem Bio Ctr  Oct. 1995- Sept.2003  Team Leader,  
         Analytical Chemistry  
Edgewood Chem Bio Ctr  Oct 2003- present  Program Manager  
 
SELECTED PUBLICATIONS 
 
Microwave spectrum and structure of methyl phosphonic difluoride.  Suenram, R. D.; Lovas, 
F. J.; Plusquellic, D. F.; Ellzy, M. W.; Lochner, J. M.; Jensen, J. O.; Samuels, A. C.  Journal of 
Molecular Spectroscopy  (2006), 235(1),  18-26.   
 
Rotational spectra, nuclear quadrupole hyperfine tensors, and conformational structures of 
the mustard gas simulent 2-chloroethyl ethyl sulfide.  Tubergen, M. J.; Lesarri, A.; Suenram, 
R. D.; Samuels, A. C.; Jensen, J. O.; Ellzy, M. W.; Lochner, J. M.  Journal of Molecular 
Spectroscopy  (2005), 233(2),  180-188.   
 
Correlation of structure and vibrational spectra of the zwitterion L-alanine in the presence 
of water: an experimental and density functional analysis.  Ellzy, Michael W.; Jensen, James 
O.; Hameka, Hendrik F.; Kay, Jack G.  Spectrochimica Acta, Part A: Molecular and 
Biomolecular Spectroscopy  (2003), 59A(11), 2619-2633.  
